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PREFACE AND ACKNOWLEDGEMENTS

In support of the Improved Track Structures Research Program of the

Office of Research and Development of the Federal Railroad Administration

* (FRA), the Transportation Systems Center (TSC) Is conducting analytical and

experimental studies of the relationship between track design and maintenance

parameters and the safety and performance of trains, resulting from the dynamic

* interaction of the track and train. The objectives of this effort are directed

towards the development of a technological data base that can be used by

Government and industry to:

Ia. Establish safe operating regimes based on the dynamics of track/

train interaction.

b. Evaluate the safety and economics of various types of train operation

I and track maintenance practices.

c. Formulate recommendations for reducing derailments due to track/

train interaction.

*The approach being employed in the conduct of these studies and in

development of engineering guidelines to meet the above objectives includes

the following:

*a. Definition of performance indices which are related to the likelihood

of vehicle derailment, lading damage, passenger ride quality, and

operational efficiency.

3b. Compilation of analysis tools and development of a methodology for

relating track, rail car, locomotive, and train parameters to the

performance indices.



* c. Parametric studies relating the performance indices to track con-

struction and maintenance parameters for the range of in-service

train configurations, equipment parameters and speeds.

4d. Development of techniques and methods for track/train dynamics,

laboratory and full-scale test design, and rail vehicle model

validation, by which the performance indices can be quantitatively

evaluated and adjusted as required to provide their proper threshold

values.

The principal safety-related problem currently facing the railroads is

derailment. Derailments result in direct loss due to damage to rolling stock,

track, lading and facilities, and in injury to passengers, and operators, and

liability for release of hazardous materials. Less well-publicized, but of

great significance, is the indirect economic loss due to decreased operating

speeds and other factors affecting system performance that are found .necessary

because of the probability of derailments occurring. Advances in understanding

of derailment phenomena would then have the dual benefit of (1) improving the

technology to be more resistant to derailment, and (2) provide a rational

basis for formulating economically sound safety standards for maintenance and

operation that are designed to reduce derailment probability.

Because of the compelling importance of derailment as a problem both to

the railroads and to our national transportation system, and the relatively

undeveloped state-of-the-art in understanding the problem, the FRA has initiated

a major research program in this area. This multifaced program, coordinated by

TSC, involves the characterization of vehicles and trackage previously described,

* as well as formulation of appropriate models for quantifying derailment phenomena



* and estimating resultant derailment probabilities. It is esse7ntial, however,

that data be made available on the important derailment phenomena, so that

the quantitative models used are soundly based. Until recently, experiments

* required to meet this requirement were prohibitively costly, time-consuming,

hazardous, and potentially inaccurate due to the difficulty in controlling test

conditions. Recently techniques and apparatus have been developed to perform

o meaningful experiments on derailment through the use of dynamically scaled models.

In this study many of the requirements for quantification of derailment phenomena

essential to the TSC program have been met by an experimental program which

* utilizes these techniques and apparatus.

The overall objective of this research program is to provide validation

of analytical models of wheel/rail interaction and of performance indices that

can be used to predict derailment. The experimental results from the scale

model testing will be used as follows:

1. In confirming or improving analytical models of the mechanics of

I wheel/rail interaction, especially under extreme conditions of

load or geometry.

2. In generating critical threshold values of performance indices

I which will accurately signal impending derailment.

3. In developing empirical models of wheel/rail interaction, which

can be used without recourse to the detailed theory, and which

I may therefore provide a more efficient approach to analysis and

simulation.
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EXECUTIVE SUMMARY

Introduction

Statement of Problem:

The most widely accepted criterion for wheelclimb derailment defines an

upper limit on wheel/rail contact forces on the climbing wheel, the limit

varying with the time duration of the forces. The reliability of this criterion

in predicting derailment is of major importance, since it is used to evaluate

the derailment safety of railroad vehicles, operating conditions, and track

structures. This report presents an analytical and experimental evaluation of

time-dependent wheel load derailment criteria for wheelclimb, which shows that

this type of criterion alone is inadequate for derailment prediction.

Main Objectives of Current Research:

The central goal of this program was to develop a fundamental understand-

ing of the wheelclimb derailment process. Specific objectives undertaken to

meet this goal were:

a. Establishment of an experimental data base of derailment events,

using a dynamically scaled model of a single wheelset, for use in

evaluating the validity of derailment criteria. Evaluation of

specific candidate time-duration dependent wheel load criteria,

such as that proposed by the Japanese National Railways (JNR).

b. Formulation of analytical models for predicting wheelclimb under

quasisteady and dynamic loading conditions.

c. Experimental validAtion of the analytical models using scale model

experimental data.

1'
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Technical Approach:

Derailment may occur as a result of several distinct processes, including

wheelclinb, wheel lift, rail rollover, gauge spreading, and component failure,

each requiring specification of allowable wheel/rail forces or other measures.

This report concerns the first of these processes, which is directly related to

the dynamics of the vehicle on curved and tangent track, and to the track mis-

alignments that excite the vehicle. Wheelclimb is a derailment process in

which large lateral forces acting on the wheelset cause on wheel to climb up

and over the rail. When this wheel is in flange contact, large restoring

forces resisting wheelclimb result from the large contact angle at the wheel/

rail interface. Frictional effects, known as creep forces, aid or inhibit the

process, depending on the angle of attack of the wheel relative to the rail.

The vector sum of the contact forces may be measured by an instrumented

wheelset. Since the maximum allowable lateral force generally scales with

vertical load on the derailing wheel, a derailment quotient, or L/V ratio, is

often used as a measure of safety (L and V are the lateral and vertical force

components, respectively). Under dynamic conditions, significantly larger

derailment quotients may occur without derailment than would be expected under

quasisteady operating conditions. The JNR derailment criterion was developed

to account for this time-duration dependency.

To study the wheelclimb process in detail, three distinct processes were

identified (Table EXEC.l):

a. Quasisteady wheelclinb, in which lateral velocity is negligible and

the yaw angle remains essentially constant. This process applies to

detailment during steady state curving.

b. Single degree-of-freedom (DOF) wheelclimb, in which lateral velocity

effects are important, but the yaw angle remains essentially constant.

L J.
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This condition describes steady state curving plus train action,

discrete changes in track geometry, or truck hunting with relatively

stiff primary yaw suspensions for the wheelset.

c. Two degree-of-freedom wheelclimb, which includes lateral velocity

and changing yaw angle effects. This process describes dynamic

curving, wheelset hunting, and truck hunting with relatively compliant

yaw primary suspensions.

In this study the three derailment processes have been analyzed theoreti-

cally in detail. Experiments using a scale model wheelset on tangent track

was used to validate the theoretical analysis. A computer program was developed

for simulation of the wheelset, including coupling to the truck frame, which

permits it to be integrated readily into complete vehicle simulations.

A comprehensive series of experiments was performed to evaluate existing

and proposed derailment criteria for quasisteady and single DOF dynamic wheel-

climb, and to validate theoretical models for all three processes.

Conclusions

The experimental and analytical studies of wheelclimb derailment presented

in this report result in the following conclusions regarding derailment cri-

teria:

1) Wheelclimb derailment criteria based on quasisteady theory are adequate

for derailment prediction under conditions of negligible lateral inci-

dent velocity and constant positive yaw angle. At negative yaw angles

derailment occurs at L/V ratios somewhat below the theoretical limits

(Figure EXEC.1).

2) Application of the JNR and other time-duration dependent derailment

driterion for nonderailment, marginal derailment, and complete

L ._ J
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derailment cases are each spread over an order of magnitude in L/V

ratio amplitude and time duration. None of the criteria tested

could distinguish between safe and unsafe conditions. Defining a

safety criterion below the derailment data would be overly conser-

vative, possibly excluding vehicles, operating conditions, and track

maintenance standards that could be demonstrated to be safe with a

more discriminating criterion. Furthermore, the data provided do

not necessarily establish a lower bound for derailment, since lower

points possibly could be measured (Figure EXEC.2).

3) The analytical models for dynamic wheelclimb yield accurate predic-

tions of wheelset response to external force inputs, in termL of

wheelset motions during derailment and wheel/rail interaction forces

(i.e. L/V ratios) (Figure EXEC.3).

4) Evidence has been found that derailment criteria employing variables

measured in addition to wheel loads may be successful in predicting

derailment safety, and that diagnostic criteria may be developed for

warning of impending derailment (Figure EXEC.4).

Recommendation for Future Research

To achieve the objective of defining a reliable measure of derailment

safety, the following would be useful as topics of future research:

a) New Wheelclimb derailment criteria should be developed and validated

that include variables in addition to wheel loads, such as lateral

velocity and yaw angle, that are readily measured under full scale

test conditions. Such multivariable criteria should be better

indicators of derailment safety.

L ..J



b) Criteria for the wheelclirb process should be combined with criteria

for other derailments modes, such as gauge spreading and rail rollover,

to yield a comprehensive safety measure. Track stiffness parameters

would be key variables in the comprehensive criteria formulated.

c) The results of analytical and experimental studies of derailment of

single wheelsets should be extended to complete trucks and vehicles.

It is very important to establish the degree to which single wheelset

criteria may be applied directly to complete vehicle configurations.

In addition to the above, the concept developed in this study of derail-

ment diagnostics should be pursued. This technique provides a means for

detecting marginally safe conditions in full scale tests, so that safety-

related phenomena may be measured without actual derailments being required

in the test plan. Scale model experiments will continue to be useful to the

study of fundamental derailment processes, due to the greater control of test

conditions possible and the relative ease of study of the full range of

derailment conditions.
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TABLE EXEC.L. CONPARISON OF WHEELCLIMB DERAILMENT PROCESSES

PROCESS LATERAL YAW
IDENTIFICATION NANE VELOCITY ANGLE DESCRIPTION

A Quasisteady Negligible Constant Steady state curving
wheelclimb

B Single DOF Important Constant Steady State
wheelclimb curving plus train

action, discrete changes
in track geometry, truck
hunting with stiff primary
yaw suspensions

C Two DOF Important Changing Dynamic curving, wheelset
wheelclimb hunting, truck hunting with

compliant yaw suspensions

J _
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Figure EXEC.1 Comparison of Quasisteady Theory and Experiment for Wheelclimb
Derailment Limit with Zero Roll Moment.
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JNR-CRITERION

NON-DERAILMENTS

NOTATION FOR TAN ANGLEs
Xt -3 DEG
Of 0 DEG

3 DOEG

JNR CRIJTERION
I-

c G

-j

+ q

0

4.4

TI (SEC)

Figure EXEC.2a Comparison of Dynamic Wheelclimb Experimental Data with
JNR Criterion for Nonderailment Cases.
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Figure EXEC.2c Comparison of Dynamic Wheelclimb Experimental Data with
JNR Criterion for Complete Derailment Cases.
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Figure EXEC.4 Generic Lateral Velocity Responses for Process B Dynamic
Wheelclimb Tests. Double Peak Indicates Marginal Derailment
Conditrion.
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V forward velocity of wheelset

Y2,i treuct om lateeral n tia dpltacemnts2, aongs

XYZ reference system fixed with respect to rails

xyz wheelset -reference system (y axis always coincides with

the axle and z axis lies in a vertical plane passing

through the axle)

YtZ t truck c.m. lateral and vertical displacements along Y

and Z axes

YwZw wheelset c.m. lateral and vertical displacements along

Y and Z axes

arctan (V /v x)

Cx wheel/rail contact angle with respect to XY plane

P1,F2 wheel L/V ratios on left and right wheels, respectively

61,62 lateral displacements of left and right rails, respectively

nondimensional roll moment applied to wheelset

nd nondimensional effective roll moment due to wheelset dynamics

Pcoefficient of friction

Jim microns (106 m)

C Poisson's ratio

otipt truck roll and yaw angles (positive clockwise looking forward)

"w,#w wheelset roll and yaw angles (positive clockwise looking

forward)

axle rolling rotational velocity (about y-axis)

Kalker creepage parameters (Equations (..13) to (3.15)]

L J
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LIST OF ABBREVIATIONS AND SYMBOLS (continued)

V x  nondimensional longitudinal creepage

V nondimensional lateral creepageY

x y

'yj'i creepages in Cj' i directions

Pi geometric parameter used in calculating the contact

ellipse (Equation (12))

W3, 1  spin creepage

Subscripts

i index used for wheel identification - i-I for right

wheel and i=2 for left

axis of contact zone coordinate - j=l for longitudinal,

j=2 for lateral, j=3 for normal direction

t truck frame variable

w wheelset variable

,I J
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1. INTRODUCTION

The most widely accepted criterion for wheelclimb derailment defines an

upper limit on wheel/rail contact forces on the climbing wheel, the limit

varying with time duration of the forces. The reliability of this criterion

in predicting derailment is of major importance, since it is used to evaluate

the derailment safety of railroad vehicles, operating conditions, and track

structures. This report presents an analytical and experimental evaluation of

time-dependent wheel load derailment criteria for wheelclimb, which shows that

this type of criterion alone is inadequate for derailment prediction.

To study wheelclimb derailment processes and evaluate derailment criteria,

a series of derailment experiments was conducted using a one-fifth scale model

of a single wheelset on tangent track subjected to static and dynamic loading

conditions. The results of these experiments were compared to simulations

based on a nonlinear theory developed to represent the important phenomena

associated with dynamic wheelclimb.

This study shows that the JNR and other time-duration dependent criteria

based on wheel load measurements alone are unsuccessful in predicting derailment

safety for dynamic wheelclimb. For wheelclimb processes involving negligible

lateral velocities, the derailment limit can be estimated from quasisteady

analysis of wheel/rail forces. Evidence has been found that derailment criteria

employing variables measured in addition to wheel loads may be successful in

predicting derailment safety, and that diagnostic criteria may be developed for

warning of impending derailment.

L ._I
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There is a strong motivation for using wheel load measurements for de-

railment prediction. The mechanics of derailment for a complete truck are

complex and highly nonlinear. At present no analytical model for complete

trucks has been developed and validated that can relate measured variables

other than wheel loads to derailment occurrence. The hope that wheel loads

would be useful to derailment research has led to the development of instrumented

wheelsets as major experimental research tools, which are also employed to

study problems associated with failure, wear, and large deformation of wheels

and track [22-24].*

The need for accurate and reliable methods for derailment prediction has

intensified recently as efforts increase to relate vehicle characteristics,

train operation, and track maintenance standards to system safety. With

increasing success the relationships between vehicle and track descriptors and

the resulting wheel/rail reaction forces have been quantified using analytical

or empirical means [24-28]. The critical missing links are definitive specifications

relating these forces to safety.

Derailment may occur as a result of several distinct processes, including

wheelclimb, wheel lift, rail rollover, gauge spreading, and component failure,

each requiring specification of allowable wheel/rail forces or other measures [28].

This report concerns the first of these processes, which is directly related to

the dynamics of the vehicle on curved and tangent track, and to the track mis-

alignments that excite the vehicle. Wheelclimb is a derailment process in which

large lateral forces acting on the wheelset cause one wheel to climb up and over

the rail (see Figure 1.1). When this wheel is in flange contact, large restoring

forces resisting wheelclimb result from the large contact angle at the wheel/

rail interface. Frictional effects, known as creep forces, aid or inhibit the

*Numbers in brackets refer to the list of References,

L _
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process depending on the angle of attack of the wheel relative to the rail.

The vector sum of the contact forces are measured by an instrumented wheelset,

and are distinct from the forces applied to the wheelset through its bearings.

Wheelclimb may occur at low forward and lateral velocities, with the

resultant wheel/rail forces predicted using a quasisteady approach [5,8 , and

have been confirmed experimentally in (8,30,31]. Since the limit on lateral

forces F scales with vertical axle load F a derailment quotient, or L/Vyo Zo

ratio, is often used, where L and V are the lateral and vertical components of

the wheel/rail reaction forces. When significant lateral velocities occur during

the wheelclimb process, lateral forces exceeding the quasisteady derailment limit

generally occur, but only for relatively short time durations [24-26]. A

criterion developed by the Japanese National Railways (JNR) attempts to account

for the large contact forces by increasing the limit on allowed L/V ratios

proportionally with l/t1 , where t is the duration of the force pulse when

it is less than SO msec. [32].

The objective of the analytical and experimental research summarized in this

report is the evaluation of the validity of wheelclimb criteria based on wheel

load measurements. In order to systematically treat this objective, three

distinct wheelclimb derailment processes may be identified, which become the

basis for detailed analysis:

Process A - Quasisteady wheelclimb, in which lateral velocity is

negligible and the yaw angle remains essentially constant. This

process applies to derailment during steady state curving.

Process B - Single degree-of-freedom wheelclimb, in which lateral velocity

effects are important, but yaw angle remains essentially constant.

This condition describes steady state curving plus train action,

discrete changes in track geometry, or truck hunting with relatively

stiff primary yaw suspensions for the wheelset.
- ur_)
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Process C - Two degree-of-freedom wheelclimb, which includes

lateral velocity and changing yaw angle effects. This process

describes dynamic curving, wheelset hunting, and truck hunting

with relatively compliant yaw primary suspensions.

In this study the three derailment processes described above are analyzed

theoretically in detail. Experiments using a scale model wheelset on tangent

track are used to validate the theoretical analysis. A computer program is

developed for simulation of the wheelset, including coupling to the truck

frame, which permits it to be integrated readily into complete vehicle simu-

lations. A comprehensive series of experiments is described which are used

to evaluate existing and proposed derailment criteria for quasisteady and

single degree of freedom dynamic wheelclimb (Processes A and B).

Section I describes the motivation for this study, and reviews present

knowledge in the field. Section 2 presents the analytical development of

criteria for quasisteady wheelclimb. The experimental data presented agrees

well with the derived criterion. In Section 3, a nonlinear model is validated

for wheelset displacement responses to pulses in applied lateral forces.

Simulations using the dynamic model indicate that the magnitude and duration

of L/V ratios that would be measured during dynamic wheelclimb are not

related in a functional way to derailment occurence.

In Section 4 time-duration dependent wheel load criteria for dynamic

wheelclimb are evaluated. A variety of wheel load criteria, including the

widely recognized JNR criterion, are applied to wheel load measurements taken

from 112 derailment events, with none found to be successful in predicting

derailment safety.

L -I
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Appendix A summarizes the results of application of the variety of time-

duration dependent wheel load criteria to the 112 derailment events recorded

during the experiments. Appendix B describes in detail the apparatus used

during Phase One of the research program, with the Phase Two apparatus described

in Appendix C. The computer simulation program used to model wheelclimb

derailment is listed in Appendix D.
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2. QUASISTEADY WHEELCLIMB

2.1 Analytical Development

The steady rolling of a wheelset under load is a quasistatic process in

which an equilibrium condition exists for all applied forces and moments due

to vehicle and track loading. If for a given set of applied axle loads and

wheelset yaw angle an equilibrium condition exists, characterized by a

certain wheelset lateral position, wheelclimb derailment will not occur.

If no stable equilibrium exists, wheelclimb derailment results. Yaw angle

is defined to be positive when the derailing wheel is steered into the rail.

For convenience, derailment is assumed to occur on the right rail, viewed

in the direction of travel.

Since wheelset yaw angles are generally small, force and moment equilib-

rium conditions may be applied in a vertical plane passing through the axle.

In this report the effect of translation of the wheel/rail contact points

longitudinally along the rails is not considered. Analysis of the wheelset

equilibrium conditions requires calculation of the forces at the contact

points due to longitudinal, lateral and spin creep, each of which varies

with wheelset lateral displacement, yaw angle, and axle angular velocity.

The procedure for calculating the highly nonlinear wheel/rail contact forces

in flange contact is presented in detail in (6), and is summarized schematically

in Figure 2.1. The approach is similar to that presented in [5] and [13],

each analysis including the Kalker creep force theory and iterative solutions

for axle velocity and normal forces at the wheel/rail contact points. Numerical

results are produced for specific wheel/rail contact geometries, computed for

given wheel and rail profiles using algorithms developed in [17]. Creep

L
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forces at each contact point are determined through interpolation of

numerical results from Kalker's Simplified Theory, tabulated for

appropriate combinations of nondimensional creepages and contact ellipse

geometry [14).

The quasisteady derailment limit (Process A) is derived by calculating

the maximum applied lateral force that may be sustained for a given

vertical force and roll moment applied to the wheelset. The net wheel/

rail reaction forces and moments acting on the wheelset in steady state

as shoun in Figure 2.1 are balanced by applied forces Fyo F , and

moment Mo

Lateral force:

2
0 = Fy + I F3 , i (if2, i cosai * sin.) (2.1)

o0 j=lF 3  1

Vertical force:

2
0 - F + I( F 3 i ('if2,, sinai *cosa ) (2.2)

Roll Moment:
2o M " IE ('l)'LiF3,i('o f2,isinai + cosai) (2.3)

The normal forces F3, i at the contact points may be eliminated to yield the

vertical and lateral forces acting on each wheel. The wheel/rail reaction

forces are then combined to give L/V ratios for the wheelset axle (both

wheels) or for the climbing wheel only.

L -_1
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j" axle E12r' . tr 2] * 2" [-r1  r2]

where r1  tan(al1+) * f2,1
e 2,1 tan (a1 )

r tan(a 2 +) f2 22 1 - Uf2 ,2 tan (a270) (2.4)

2M~o0

T) = (L1  + L2) F -

1 2

LI

L2

2 L1 + L2

Parameters r and r2 are the individual wheel L/V ratios for the left and

right wheels, respectively. Parameter n is the dimensionless roll moment,

representing the degree of asymmetry in axle load between the extremes of

wheel lift (with a practical range of 1). In the above equations f2,1

and f2,2 are the dimensionless lateral creep coefficients (including spin)

on the left and right wheels, * the wheelset roll angle, and aI and a2 the
associated contact angles, defined to be positive counterclockwise. The

nomenclature and coordinate system is developed in [5,6]. For the

quasisteady process, parameters 'l and r2 are functions of lateral position

y and yaw angle 0; for each value of ;P a maximum for L/V exists, usually

close to the value for y which yields the maximum contact angle on the

climbing wheel.L



2-5

The L/V ratio for the climbing wheel'is often used itself as a

derailment criterion, and is defined using the above parameters as*

tan (a2+0) + uf2,2 (2.5)

V climbing wheel 2  I- Uf2,2 tan (t2+C

For large yaw angles Eq. (2.5) approaches the classical limit of Nadal [8],

but for the range of conditions -3 < 4 <+30 the nondimensional creep

f2,2 may vary considerably with wheelset loading, wheel/rail profiles, and

yaw angle, over the range -1 < f2,2 
< 1. Under quasisteady conditions,

the creepages are functions only of the wheel and rail profiles, wheelset

displacement, and yaw angle relative to the rail, so that Eqs. (2.1) through

(2.5) are independent of forward velocity V.

2.2 Method of Computation

The method used for computing the quasisteady derailment limit is

the same as that described in detail in 161, with the exception of the

procedure used to calculate creep forces. In [6] creep forces are

approximated by calculating initially the forces due to longitudinal,

lateral, and spin creepages separately, then added vectorially with

approximate adhesion limits imposed. Further study has shown that at

negative yaw angles and large spin creepage (i.e. flange contact) signi-

cant errors accrue using this approximation, yielding derailment limits

at large negative angles that do not agree with Nadal's limit.

The new procedure uses creep force calculations based on Kalker's

Simplified Theory, so that creep forces in the lateral and longitudinal

directions are computed directly from the three creepage components (18].

*For simplicity assume right wheel is climbing.

L _
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To make the computation efficient, nondimensional creep forces are pre-

computed and stored using the following procedure:

1) The lateral displacement at which the contact angle is maximum

is determined. This point is very close to the point of maximum

lateral force (i.e. derailment limit) and eliminates the need to

search over the y-direction.

2) The non-dimensional contact ellipse geometry factors a/ -

and IF b/- A- are computed for this lateral displacement. These

factors are independent of wheel loads. The effect of * on these

parameters is neglected, also the nondimensional spin creep X is computed.

3) For the above values of g, V, X and Poisson's ratio the Kalker

program is run repeatedly to generate a table of lateral and

longitudinal nondimensional creep forces for all possible values

of lateral and longitudinal creepages v and vy , respectively.Y

The table is expressed in coordinates 7 and &, which are the polar

transformations of v and vx.y x

4 For each value of v and v desired, the creep forces arex y

calculated from the table using interpolation based on the

Lagrange polynomial method.

The resulting calculations yield a limit for large negative yaw angles

of L/Vaxle equal to 3.1, which agrees with Nadal's limit, in contrast to

a value of 2.0 computed in (29]. At large positive yaw angles both the

above and previously used methods yield the correct Nadal limit.

2.3 Comparison of Axle and Wheel L/V Ratio Criteria

Due to the nonlinearity of the creep force phenomenon, wheelclimb

derailment limits based on both axle and wheel forces vary with axle

L _.i
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loading. Using numerical results for wheels and rails with new profiles

extended from [6] to cases with non-zero roll moments, the degree to

which each criterion may be applied universally is demonstrated. In

Figure 2.2 wheel and axle L/V ratios are shown for varying axle vertical

load. Both criteria are insensitve to vertical load, with minor variation

evident only in the range -1.4
° < * ( 0°. The two criteria are related

for all vertical axle loads by a single function shown in Figure 2.3.

Figure2.4 shows the effect of roll moment parameter n on the two criteria.

A positive roll moment, increasing the vertical force on the wheel in

flange contact, produces a larger axle L/V ratio for wheelclimb derail-

ment for all yaw angles. The scaling of the derailment limit with roll

moment is reflected in the relative insensitivity in the wheel L/V ratio.

Although the roll moment parameter n does not appear explicitly in

Eq. 2.5, it does affect the solution for wheelset force equilibrium,

c a-sing variations in f2,2 over the range -1.0 ° < * < 1.00. The

relations between the two criteria for varying roll moment is shown

in Figure2.3.

Table 2.1 summarizes the relative advantages of use of criteria of

each type. For situations in which axle loads including roll moments

are known, from simulation or vehicle measurements, axle L/V ratios are

better since the individual wheel forces are not required. If the roll

moment is not known, as may be the case for field experiments on full scale

vehicles, wheel L/V ratios are better when applied to data from instrumented

wheel sets.

4, _
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Figure 2.4 Effect of Nondimensional Roll Moment Tj on Axle (above) and
Wheel (below) L/V Ratio Derailment Limits.
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TABLE 2.1 COMPARISON OF AXLE AND WHEEL L/V RATIO CRITERIA

Advantage Axle L/V Wheel LAI

Insensitive to axle vertical load yes yes

Insensitive to axle roll moment no yes

Shows variation with yaw angle yes yes

Does not require simulation or measurement

of individual wheel contact forces yes no



Im

2-12

2.4 Experimental Validation and Usefulness of Model

The quasisteady wheelclimb experiments consist of a lateral force

ramp loading applied to the wheelset, with vertical axle load, yaw angle

and forward velocity held fixed. The loading rate is held small to

preserve quasisteady conditions. Typical time histories of axle L/V

ratio and lateral displacement are shown in Figure 2.5.

The time histories indicate a very well-defined derailment limit.

Fluctuations in the measured responses are due to variations in local

track geometry; the "track signature" is quite repeatable when the

experiment is duplicated at the same track location, even at different

forward velocities. At other track locations, the fluctuations over

the time history differ, but the L/V derailment limits are consistent

within a range of +5%. The temporal frequencies of these fluctuations

are sufficiently low to maintain quasisteady conditions. Since the

variations in track alignment and rail profile in the scale model are

less than that expected in full scale, the fluctuations in measured

responses shown are probably smaller than would be expected in field

testing.

Experiments such as that illustrated in Figure 2.S were conducted

for the range of yaw angles -3 < < 30. The maximum axle L/V ratio

immediately before derailment for each yaw angle is recorded in Figure

2.6 for the case of zero applied roll moment. Agreement between theory

and experiment is generally good, although the theory overestimates the

derailment limit for negative angles in the transition region between

-O.S 0 and -2.0° .

* Apparatus described in Appendix B.

- .I
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The results for quasisteady wheelclimb are consistent with roller

rig data in [7], where the theory also overpredicts the derailment limit

for negative yaw angles (but with a smaller error). The source of the

discrepancy in the present tests has not been positively identified, but

may be due either to the presence of the lateral track dynamic input

(not accounted for in theory) or to local variation in friction coefficient

or contact angle. Since the data presented are the only published results

for tangent track experiments, conservative safety criteria should be

based on the lower measured values rather than the theory for negative

yaw angles.

Three possible sources of error may account for this discrepancy,

two experimental and one theoretical. In the vicinity of the derailment

location on the track, local variation in rail profile curvature from

nominal values may produce significant changes in nondimensional lateral

creep coefficient f2 2 " Error in f2 2 or friction coefficient V would

produce an error in the predicted derailment limit. The third possible

source of error results from the high ratio of the semi-axes of the

contact ellipse in flange contact. For the wheel and rail profiles used

in the experiment the ratio a/b is 16, which is beyond the numerical

range computed by Kalker and the experimental range measured by Brickle

IS]. Therefore numerical error in the calculated creep forces is not

excluded as an explanation for the difference between theory and experiment.

The effect of roll moment on the measured axle L/V derailment

limit is shown in Figure 2.7. Data points shown without lines are touching

J
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the predicted derailment limit at the associated yaw angle. Data points

with lines indicate the differences between theory and experiment. The

application of constant roll moments under rolling conditions on the track

was difficult experimentally, resulting in some scatter in the data. The

agreement between theory and experiment is good, with the same differences

as discussed above for negative yaw angles.

L _]
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3. DYNAMIC WHEELCLIMB

3.1 Analytical Development

3.1.1 Introduction

Numerous theoretical models for wheelset dynamics are available in the

literature [1-4]. For large amplitude wheelset motions, the mechanics and

dynamics become highly nonlinear, due to the effects of contact geometry and

rolling friction creep forces. For motions during which tread contact is

maintained on both wheels, whether the wheel profiles are conical or curved,

the wheelset dynamic equations include many terms of approximately equal

magnitude. Under conditions of severe flange contact leading to derailment,

the relative magnitudes of these various dynamic terms differ considerably

from their values in the tread contact case, leading to conclusions different

in certain respects from those of the cited references.

Compared to the rather rigorous analytical models of the preceeding

references, theories used for analysis of derailment mechanics have been

simplified. Equilibrium models for wheels and rails in flange contact by

Gilchrist and Brickle [5], Sweet [6], and Yokose and Arai [7) have success-

fully predicted quasisteady derailment limits. Dynamic wheelclimb models by

Sweet [8] and Yokose [7,9,10] on the other hand, have all been based on

certain assumptions which have not been fully verified by simulation or ex-

periment.

In this study a detailed model for wheelset derailment has been developed.

The wheelset motion includes three independent degrees of freedom; lateral

displacement, yaw angle, and axle rolling angular velocity. The truck

motion includes a single degree of freedom: the lateral displacement of the

truck frame.

L _1
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While nearly all analyses include the first two notions of the wheelset,

only more recent papers by Clark [11] and Duffek [12] have accounted for the

deviation of the rolling velocity from the nominal value of V/ro expected when

the wheelset is centered and rolls with zero slip. As shown in [6], during

steady flange contact the axle speed drops by about 3%, which should have a

significant effect on calculation of the longitudinal creepage.

If wheel/rail contact is maintained on both wheels, the wheelset verti-

cal and roll degrees of freedom are not independent and may be expressed as

a function of the lateral motion. Imposition of these kinematic constraints

leads to generation of significant dynamic components in the equations of

motion. A wheelset kinematic model is developed in this report to account for

these dynamic effects, as well as for computation of lateral creepages in the

contact zones as a function of the velocity of the wheelset center of mass.

A digital computer program for solving the resulting equations of motion

is described. The program is compatible with published programs used for

computation of contact geometry and creep force functions.

3.1.2 Kinematics of Wheelset Notion

Kinematic Model: Careful representation of the kinematics of wheelset

notion is needed for determination of the creepages at the wheel/rail inter-

faces and the coupling of the vertical, lateral and roll motions. The kinematic

analysis employs three sets of coordinate systems, as illustrated in Figure 3.1.

The contact zone creepages depend on the relative velocities of the contact

points of the wheels with respect to the rails. The wheelset kinematic model

is used to determine these relative velocities in terms of the velocity of

the wheelset center of mass, utilizing the geometrical constraints imposed by

the rails on the wheelset notion. The model is also used to compute the

L _
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2,2. C2,1

'-WN TACT AXES

Figure 3.1 - Definition of Coordinate Systems for Wheelset and Contact Zones
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wheelset vertical and roll accelerations, as functions of its lateral velocity

and acceleration.

The wheelset kinematic model is illustrated in Figure 3.2. A two-dimen-

sional, planar motion model is used to derive the relationships between lateral,

vertical, and roll motions. The instantaneous center of rotation, point 0, is

assumed to be in the YZ plane, with its location depending on the contact angles

and contact points. The kinematic relationships are derived by first determining

the position of the wheelset center of mass, point C, relative to the instantaneous

center:

B2 _ L2  (LI+L 2 ) 2Cs (3.1)

Cos 2  sin 2(1o1 l.c2)

2L2 (LI*L2 )Cosai ju( l+2)

SWIM I11- 0)o, y;

where 'Yl Itan'l(r0/L2) (3.2)

2  w [L 2 co ( 71 +C2)/ C cos '1] (3.3)

6 = Y2 2

From Equations 3.1 through 3.3 the instantaneous relationships between

vertical, lateral, and roll motions are computed:

!ZV -(3.4)
a -tan8

1_ -
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Figure 3.2 -Velocities Defined by Wheelset Kinematic Model
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v & co, B (3.s)

Contact Zone Velocities

The lateral velocity in the contact plane at each contact point is

determined by:

(L1 *L2 )coa 2 0400

v,1 " ain(j l.a2) O1(vTv (3.6a)

(L1 L2 )cosac 81%

V2,2 - hin( 1ti1c) a, ;v (3.6b)

Creepages are defined using the model of Gilchrist and Brickle [5], with

extensions to include dynamic effects. Sign conventions have been modified

for consistency with Kalker theory.

For longitudinal creepage (non-dimensional):

"Mv i Cos4' V ( Li

,i v (3.)

For lateral creepage (non-dimensional):

72,i co t . V (3.8)

For spin creepage (dimensional):

mis~ i

",i rv i  (3.9)
3,i 'r '

Similar expressions were developed by Elkins and Gostling [13], although

they used the wheelset c.m. lateral velocity Yw instead of V2.1. The spin

creepage defined in Equation (3.9) is a function of contact geometry only, for a
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given value of wheelset lateral displacement. The effects of yaw velocity and

slip on spin creepage have been neglected. For non-zero values of yaw angle

*w the wheelset contact geometry and kinematics become three-dimensional, with

the longitudinal displacements of the contact points probably being the most

important three-dimensional effect. These effects have not been included in the

present analysis.

Vertical and Roll Accelerations

The normal forces at the wheel/rail contact points depend on the vertical

and roll velocities and accelerations of the wheelset. These quantities are

found readily through application of the chain rule, which relates them to the

wheelset lateral velocity and acceleration. For roll,

'lo ;~ (v3.10)
w y 4

.- w y w 2  (3.11)
aw

Similar expressions hold for vertical displacement Zw.

The first partial derivatives are given by Equations (3.4) and (3.5). Both

the first and second derivatives are functions of contact geometry only, and

may be pre-computed and stored as functions of wheelset lateral displacement.

3.1.3 Creep Forces Derived from Kalker Theory

Geometry of Contact Zone: The Kalker Simplified Theory of rolling con-

tact is used to model the creepage forces at the wheel/rail interface. It is

based on the Hertzian contact assumption [14], which expresses the contact

zone shape and dimension in terms of the local geometry constraints of the

wheel and rail. The contact ellipse semi-axes ai and bi are given by:

tj
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a. " a(@.iJ '- b. - ~.

vbere

1i ,1 12 2
Dij' (3.12)

cos 1  i A - 2

1 )2+ 1 V1 ) Lcan 26

6 90 0 o

Normalization of Creepages

Given the contact zone shape and dimension, and the associated creepages

and spin, Kalker forms the non-dimensional creep parameters:

Pi  (3.13)

'17 7 i (3.14)
Pci

xPin (3.15)
Xi a "3,1 '-

where u is the friction coefficient and ci a vrab (the geometrical mean of

the contact ellipse semi-axes).

For any combination of a/b ratio and spin parameter X, Kalker's Simplified

Theory predicts the non-dimensional longitudinal and lateral creep forces f

and f2,i" The dimensional creep forces applied by the rails on the rolling

wheel along the contact zone system axes are:

190i 7 3,i 791  _2, 0 '2 ,i i 7(3.16)

- I
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In addition to these forces, a pure moment is transmitted, but of negligible

magnitude.

The angular velocity of the wheelset (moving forward) will produce positive

spin on the left contact zone,*and negative on the right. To account for negative

spin, the following relea.ionships are used, based on arguments of symmetry [14],

(3.17)

3.1.4 ANALYSIS OF WHEELSET DYNAMICS

Wheelset Equations of Motion

The following assumptions are employed in deriving the wheelset equations

of motion. Roll and yaw angles are assumed to be small. Gravity and suspension

forces are applied to the wheelset along the XYZ rail coordinates axes. The

longitudinal and lateral axes of the contact ellipse are assumed to coincide with

the X axis and the YZ plane, respectively. The equations of motion are derived

using methods from [15] by Newtonian methods using Euler Angles for calculation

of the gyroscopic t4rms.

The translational equations of motion are derived in the XYZ rail coordinate

system (see Figure 3.3). Forces and moments transmitted to the wheelset from

the truck frame through the primary suspension are represented by vectors 9s and

Asp respectively.

In the Y-direction (lateral):

(3.18)

SO a) , (Uft icosshiua.) ?BY
i
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Figure 3.3 -External Forces and Moments Applied to the Wheelset



3-11

In the Z-direction (vertical):

s;w 73,iluf2,i Giai-Cos5 i) 
7 SZ (3.19)

i

The rotational equations of motion are derived in the rotating xyz system.

About the x axis (roll):

13,i[(-l)'(cosai-pf2,isiuei)Li7(siiiPf,2,icosaoi)rv,iI . Kx (3.20)

i

About the y axis (pitch):

f l,i73,irvi -Iy yY( 'v) (3.21)

i

(ai-x-ls) ,wk-MMy

About the z axis (yaw):

f (-)i 1,? 3,1"1 - +,f 1k'vv.(IY7-z-z:s) - (3.22)
i

SIDWzyy-m s s

Aplication of the Geometrical Constraints

The geometrical constraints of the single point, continuous contact

assumption can be used to express the normal forces at the contact zone by

solving Equations (3.19) and (3.20).
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Denote:

(3.23)

" w w -FSZ

(3.24)
I-I U 2(- *~, 5-M.

LA*l (- -() (3.2S)
73,1 (L L2)(cosa,-Lf2,1aicl)

F3,2 (LL 2 (cosa 2-jjf2,2sina2) (3.26)

where i -(r v rv,2)/2

Coupling to Truck Frame

Loads from the truck frame are transmitted to the wheelset through the

primary suspension (Figure 3.4). To obtain reasonable results for computed

normal forces, the truck frame lateral displacement must be included in the

simulation model. In this study, the truck yaw and roll angles and vertical

displacement are treated as fixed, but these variables are included in the

equations below for generality and ease of extension to future complete truck

models.

For a passenger car, the primary suspension is linear so that

s a K Y -Y) * S3 (Yt-T)

Psz a JKa (z,-zw) + Sa(dt-i. )  (3.27)

0 07 K3(Zo-Zt) + (3.2?)

Ma t W
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For fixed truck roll, yaw, and vertical displacements, the suspension

forces reduce to: SZ - -Zw--aZ +z0

V ZZO (3.28)

H 83 a-K 4-30 , m
52 V *w ZZO

where F ZO, N220 * and Mxxo are the steady axle load, steering moment, and roll

moment, respectively.

Coupling between wheelset and truck dynamic motions is represented by the

following equation for truck lateral displacement:

mtYt  Fsy 4Fyo (3.29)

where Fyo is an external force applied to the truck frame via the secondary

suspension. For freight trucks the primary suspension is not linear. Equations

(3.27) and (3.28) may be modified readily for this case.

Moments about the y-axis are produced by drag, traction, and braking

forces. In this study these moments are set to zero, but for general safety

assessments they should be considered, as pointed out by Gilchrist [5].

3.2 NUIRICAL SIMULATION 1ETHOD

3.2.1 Program Description

The computer program that simulates the dynamic model is named WHSET.

Figure 3.5 shows a flow chart for the computational model. WHSET and its

associated subroutines compute the lateral, yaw, and axle rotational motions of

a wheelset and the lateral displacement of a truck traveling at a constant

forward speed on a track with or without irregularities. These motions are

computed as functions of initial conditions and external excitations. The

L



0= I

) EINATIC

-) WSTIADIM

is

ODEL

-) KALW FM I
I WIFD TI. 1

Figure ~ 3._lokDaga _oyamc_______omue SmlainPrga

(WHSET)



3-16

main program calls a number of subroutines that evaluate the first derivatives

of a set of simultaneous nonlinear state equations, and then integrates them

numerically. The program is written in FORTRAN (IBM extension to FORTRAN

ANS), and is compatible with the IBM G and H compilers (see Appendix D for listing).

The numerical integration is performed using DERK, a program based on the

sixth-order Runge Kutta method, which is included in the IBM library of

scientific programs [16]. DERK finds approximations to the solution of a

system of first-order ordinary differential equations of the form x'=f(x,t)

with initial conditions.

The derivatives of the state variables depend on the contact geometry

parameters (which are fmctions of the wheelset lateral displacement), the

creep forces (which are functions of the wheelset velocities, the contact

geometry and the normal forces), the wheel/rail contact normal forces, and the

externally applied loads. To reduce computation time, the contact geometry

functions and creep force/creepage relationships are pre-computed and stored

as data files for use by WHSET. These data files are generated by computer

programs previously developed under DOT sponsorship, known as WHRAILA and

FORCES, and are widely available to researchers in the rail vehicle dynamics

area.

Contact Geometry Functions

The program WHRAILA, developed by R. Heller and N. Cooperrider [17],

solves for the following contact geometry parameters as functions of the

wheelset lateral position: the wheel/rail contact angles a, the wheelset roll

angle 4w' the wheelset c.m. vertical displacement Zw, the rolling radii of

each wheel rv, the distance between the wheelset c.m. and the contact points

of the wheels L, and the lateral radii of curvature of the rails R'. WHRAILA

* In this study the wheelset center of mass (c.m.) is defined as the geometric
center of the axle.

L _
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has been supplemented by additional routines which calculate the values of the

elliptic integrals a(e) and b(O), the non-dimensional spin parameter X, the

geometric parameter p, the contact ellipse axes ratio a/b, and the partial

derivatives defined in Equations (3.4) and (3.5) WHRAILA accepts as inputs

specific wheel and rail profiles, gauge, flange clearance, cant angles and

rail heights. The numerical results presented here are for new Association of

American Railroads (AAR) profile wheels running on rails similar to 132 lb RE,

CF and I unworn profile. The program assumes that single point contact is

sustained on both wheels and that yaw angle effects may be neglected. Since

these functions depend on lateral displacement alone, they do not have to be

computed at each time step using WHRAILA. Instead, the values pre-computed at

intervals of 0.51 nun are used as inputs to an interpolation routine. The

program WHSET uses the IBM library program IVP, based on the Aiken's Lagrange

method of interpolation [16].

Creep Force Calculation

The second data file represents the relationships between non-dimensional

creep forces (f 1 and f 2) and non-dimensional creepages. The program FORCES [18]

is used to pre-compute non-dimensional creep forces using the Kalker Simplified

Theory. It takes as input the contact ellipse dimensions, non-dimensional spin

and creep parameters, and Poisson's ratio. For every contact ellipse ratio a/b

and non-dimensional spin parameter X, a different table is generated for the creep

coefficients as f..'ctions of the non-dimensional creep parameters in polar form.

The contact ellipse ratio and the non-dimensional spin parameter are

determined by the contact geometry alone, the latter depending on the lateral

displacement of the wheelset. Consequently, these two variables can be pre-

computed for the full range of the lateral motion. A survey of numerical results
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over the displacement range has been conducted, and 21 pairs have been distinguished

so that the contact ellipse ratio and the non-dimensional spin parameter at any

given displacement are within 10% tolerance of at least one of these 21 pairs.

The program FORCES was run repeatedly for these pairs resulting in 21 table sets

stored as data files.

At each lateral displacement, WHSET calls a subroutine to determine which

of the 21 data files is to be used. It then interpolates the data in tables of

this file, returning the lateral and longitudinal creep forces as functions of the

creepages.

Program Outputs

The following output variables are generated by the simulation program:

1. Wheelset lateral displacement

2. Truck lateral displacement

3. Wheelset axle rolling velocity

4. Wheelset yaw angle

5. Normal force at each contact point

6. Derailment quotient for each wheel

The derailment quotient, the ratio of lateral to vertical wheel/rail

forces, is the most frequently used measure of proneness to derailment [5-10,19).

In the literature it is designated by either (L/V) or (Q/P). Following the

former convention:

L P 2 , sincos i's~i (3.30)

L a
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3.3 SIMULATION RESULTS

3.3.1 Definition of Simulation Conditions

The parametric values for the simulation are selected for a typical high

speed passenger car described in [20], and are summarized in Table 3.1.

TABLE 3.1

Simulation Parameters

Symbol Value Symbol Value

m 1464 kg K 2x10 6 n/M

a 2928 kg 4 7.4x103 n-m/rad

Ixx ,Izz 680 kg-m2  Ky 1.17xl0 7 n/

yy 136 kg-m2 2 4x10 n-s/m

11 0.3 1 5.84x104 n-s/u

E 0.3 l.5xlO 2 n-r-s/rad

2 1 n/m2 K 5.43xlO n-m/rad

FZO 1.36x105 n so 2.17x102 n-m-s/rad
4.1 0 M 'oMzz 0

V 50 a/s

All other values for parameters in the equations of motion are provided

by programs WHRAILA and FORCES, with extensions as described previously.

Some coents are needed regarding inclusion of the truck lateral degree

of freedom. In many previous studies, and in the initial phases of this

investigation, the dynamics of the wheelset alone were simulated. The dynamic

fluctuations in normal force during derailment simulations that result from

"wheelset-only" models are unrealistically large, due to high wheelset

L _ _j
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accelerations. Adding the truck mass to the model yields much more natural

behavior. Although the dynamics of a complete truck with secondary suspension,

two axles, etc. are not modeled here, the present simulations do exhibit

the important characteristics of wheelsets during derailment.

The simulation program accepts as inputs any combination of forces and

moments applied to the truck frame and wheelset, plus track irregularities.

For clarity in presentation, in the simulation results that follow the only

input is lateral force applied to the truck frame.

3.3.2 Simulation Results

Representative simulation results are shown in Figures 3.6 and 3.7.

Starting with the wheelset and truck frare in the track center position, the

lateral force applied to the truck frame produces a damped sinusoidal truck

lateral displacement. The wheelset lateral displacement lags, sharply decelerating

after the initial flange contact.

In the derailment case, the wheelset first climbs the rail, falls

slightly, then climbs again to complete derailment as the truck frame dis-

placement reaches its second peak. Depending on initial conditions, the

wheelset may derail on initial impact or later, emphasizing the importance of

the dynamic coupling between wheelset and truck frane. Even though the

derailment quotient exceeded the quasisteady limit (2.0 for Vw=O) for about

0.0S seconds (the JNR limit), the wheelset does not derail at this point.

After flange contact occurs, the axle speed drops, as expected from

quasisteady theory. There is no fundamental difference between the derail-

ment and non-derailment cases.4
FL
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Figure 3.6 - Wheelset model simulations for non-derailing (dark line)

and derailing (light line with dot) cases. Responses are
to step input in lateral force applied to truck frame.
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Figure 3.7 - Simulated wheel/rail normal force and derailment
quotient on climbing wheel.
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The drop in axle speed results in longitudinal creep forces imbalance and

a yaw moment which steers the wheelset in the negative direction. Due to the

rather stiff primary suspension, the Magnitude of the resulting steering

angles is quite small (less than 0.5 milliradians, or 0.03 deg). These small

yaw angles considerably reduce the coupling between the longitudinal and

lateral dynamics of the wheelset.

Figure 3.7 shows the normal force and derailment quotient for the climbing

wheel. In the non-derailment case, the normal force starts at a level close

to one-half the axle load. During flange contact, the normal force is much

larger due to the increasing contact angle. The rapid deceleration of the

wheelset results in a sharp peak in the normal force. Terms due to wheelset

lateral, vertical, and roll accelerations all contribute to the increased

normal force on the climbing wheel while decreasing it on the opposite wheel.

The initial peak in normal force is also seen in the L/V response.

In the derailment case, the peaks in normal force and derailment quotient

are much larger. These peaks may be unrealistically large, due to the

assumption of rigid rails. They are not critical to the simulation, however.

due to their extremely short duration. Peaks shown after initial flange contact

are due to large values of partial derivative terms in Equations (3.10) and

(3.11).

Just prior to derailment. the normal force goes to zero for a short time.

Physically, the wheel is beginning to lose contact while the contact angles

decreases. The large fluctuations in normal force and loss of contact prior to

derailment have been confirmed experimentally in tests at JNR [10].
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3.3.3 Discussion of Modeling Effects

The computer program was altered to study the effect of model complexity

on the simulation results. The first simplification was to set the axle speed

to V/r . Exclusion of this degree of freedom was found to have almost no

effect on the simulation of the other dynamic variables as a result of the

stiff suspension and the negligible steering effects. As a consequence, the

value of the truck yaw angle * is very important to derailment safety, since

the derailment limit falls from 2.0 to 0.8 as V. increases from 0 to 50 milli-

radians. This result, predicted from quasisteady derailment theory, is verified

by the dynamic simulation model. Passenger trucks with softer yaw suspensions

and freight trucks may exhibit different behavior.

The acceleration terms in Equations (3.11) through (3.26) are significant

in terms of their effects on wheelset motion, derailment quotient, and derail-

ment proneness. In contrast, gyroscopic terms are not significant and may be

omitted.

The simulation model presented in this report represents a successful

extension of contemporary understanding on wheel/rail contact phenomena and

wheelset dynamics to the wheelclimb derailment regime. Through the use of

this detailed model, it has been determined that the following elements are

necessary for simulation of wheelclimb derailment of a typical high speed

passenger car with a stiff yaw suspension:

1. Wheelset and truck lateral displacement degrees of freedom.

2. Wheel/rail contact geometry parameters determined as functions of

wheel and rail profiles.

3. Creep forces determined by Kalker Simplified Theory.

L_ _I
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4. Wheel/rail normal forces computed from kinematic constraints resulting

from continuous two-wheel, single-point contact, including acceleration

effects.

S. Creepages determined by wheelset kinematics.

6. Truck yaw angle.

For freight trucks or passenger trucks with soft primary suspensions,

wheelset yaw angle and axle rotational speed should be included as additional

degrees of freedom. Gyroscopic terms are not critical to wheelclimb simulation.

The reduction in necessary degrees of freedom associated with stiff yaw

suspension trucks results in significant reductions in computation time,

which will be particularly important in multiple axle, complete vehicle

simulations.

L _j
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3.4 Experimental Validation and Usefulness of Model

3.4.1 Results of Phase One Experiments

To validate the theoretical analysis and simulation model, a series of

experiments on dynamic wheelclimb was conducted during Phase One of this

research program. The apparatus used is described in Appendix B, being identical

to that used for study of quasisteady wheelclimb. Forces acting on the wheel-

set were measured with the six-component strain gauge balance, so that only axle

L/V ratios could be measured. The only addition to the apparatus used in the

quasisteady wheelclimb tests was a photocell actuated, pneumatic servo to apply

step or pulse inputs in lateral load to the wheelset at designated locations along

the track.

To simulate the mechanics of the wheelset test apparatus, it was necessary

to modify the equations of motion derived in Section 3.1. These changes were

required to properly represent the kinematics and dynamics of the rigid body

elements that comprise the gimbel and linkage system described in Appendix B.

Since the modified equations apply only to this unique apparatus and are not of

general interest, they are not included in this report (for details, refer to

[15]).

Representative simulated and measured responses for non-derailing and

derailing cases are shown in Figures 3.8 and 3.9. The simulations include the

dynamics of the pneumatic actuator used to apply the lateral force, which acts

as a first-order lag with a time constant of 125 ms. The agreement between pre-

dicted and measured lateral displacements for non-derailing and derailing cases

is good, although for the latter case the predicted derailment occurs more

rapidly than that measured.

L _ __
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Figure 3.8 Simulated and Measured Dynamic Wheelclimb Lateral Displacement
and Axle L/V Ratio Responses to Pulse Lateral Force Input
(Non-derailing Case). Measurements from Phase One Experiments.
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Figure 3.9 - Simulated and Measured Dynamic heelclimb Lateral Displacement
and Axle L/V Ratio Responses to Pulse Lateral Force Input (Derailing
Case). Measurements from Phase One Experiments.
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Significant differences between predicted and measured time histories

of the L/V ratio are evident in the figures shown. Specifically, the pre-

dicted responses characteristically exhibit higher maximum values and shorter

time durations than those measured. To resolve this discrepancy, further

research conducted under Phase Two of this study was directed towards refining

the analytical model and improving the force measuring system used in the

experiments. The results of Phase Two experiments are presented in the

following sect ion.

3.4.2 Results of Phase Two Experiments

At the onset of Phase Two, there were two principal factors considered

as having the potential for influencing the measured wheel force signals:

1. The strain gauge balance signals measured in Phase One did not

resolve, in an unambiguous manner, the various external and internal

forces acting during the dynamic wheelclimb experiment. Under quasi-

steady conditions, the external forces, in both vertical and lateral

directions, approximately balance wheel/rail forces acting at the

contact points. Since the strain gauge balance was mounted in series

between the external and wheel/rail forces, the strain gauge balance

was capable of sensing the desired variables under quasisteady conditions.

Further, under quasisteady conditions, a simple functional relation

exists relating axle and wheel L/V ratios, so that resolution of

independent wheel ratios is not necessary. Under dynamic wheelclimb

conditions, none of the above apply, so that it is desirable to have

independent sensing of individual wheel loads, external forces, and

inertial forces (i.e. accelerations).
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2. The bandwidth of the instrumentation system used in Phase One was 25 Hz.

The 25 Hz cutoff frequency was determined to be necessary to prevent

aliasing of signals passed through the multiplexing circuits prior

to recording on the FM tape recorder. The L/V ratio pulses predicted

from the digital simulation contain significant high frequency content

that would be attenuated by a 25 Hz loypass filter.

To eliminate these limitations in the dynamic vheelclimb experiments, a

new set of apparatus for force measurement was designed, fabricated, and carefully

calibrated. Digital simulations were performed which passed the predicted wheel

lateral and vertical force signals through lowpass filters, to determine the

bandwidth necessary for recording of these signals in an unaltered state. The

simulations clearly showed that the 25 Hz filter used in Phase One significantly

attenuated and widened the L/V ratio pulse to qualitatively match that measured

in Phase One. These simulations identified filter bandwidth as the principal

cause of the Phase One discrepancy between theory and test. Further simulations

showed that a cutoff frequency of 100 Hz was sufficient for recording wheel force

signals without attenuation.

An instrumented wheelset was designed to measure lateral and vertical forces

at each wheel/rail contact point. The ASEA/SJ configurations for lateral and

vertical bridges were selected. Strain gauge locations were determined after map-

ping of the strain fields on the wheel plate surfaces, to maximize signal output

with minimum ripple, load point sensitivity, and cross talk. External forces were

measured separately with load cells, with the strain gauge balance used in Phase One

installed to provide capability for Phase One/Phase Two data comparisons. Details
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of the apparatus design and calibration are given in Appendix C.

Representative measurements of signals during derailment using the

improved instrumentation system are presented in Figures 3.10 through 3.17.

At the beginning of the test, the wheelset is positioned in tread contact

near the opposite (left) rail using a special fixture. At a designated

track location, a photocell senses a light, activating the lateral force

actuator. The lateral force rises exponentially, as shown in Figure 3.10.

The wheelset moved laterally in response to this input until it makes flange

contact on the right rail, where it pauses for about 22 msec. After the

wheel has climbed the rail, lateral displacement increases rapidly to complete

derailment, as shown in Figure 3.11. As the wheelset approaches one rail,

a strong yaw moment is produced by the longitudinal creep forces, causing a

steering action in the negative direction, as shown in Figure 3.12. As

demonstrated in both figures, the agreement with simulation is excellent.

Figures 3.13 through 3.15 show the forces acting at the wheel/rail interfaces.

A large pulse in lateral force on the derailing wheel is produced during the

period that the wheel is in flange contact (about 40 msec). This short duration

is consistent with theory, and clearly shows that the long duration (order of 100

msec.) measured in Phase One resulted from the 25 Hz filters. The lateral forces

measured on the non-derailing wheel result from creepage, and are consistent with

a friction coefficient of 0.3. The vertical force on the derailing wheel

(Figure 3.15) shows some fluctations from its nominal value of 22 n. The

excursions at the flange contact point are consistent with model predictions,

resulting from accelerations in the vertical direction caused by contact geometry

constraints. Other fluctuations in vertical force result from track disturbances



3-32

in the vertical direction that were not included in the simulation model nor

measured inz the experiment.

The lateral acceleration of the wheelset is shown in Figure 3.16. The

maximum deceleration is about -0.2 g, which corresponds to an inertial' force of

about -22 n. When compared to the lateral force measured at the derailing wheel

(about 7S n. at the same time), the inertial force is significant. This indicates

that measurement of wheel/rail loads at locations as close as possible to the

contact points (i.e. using instrumented wheelsets) is superior to measurement

at an interior point (i.e. using strain gage balance).

Finally, the predicted and measured LIV ratios are shown in Figure 3.17.

The amplitude and duration of the primary and secondary peaks in the response

are predicted well by the simulation. The first peak results from the large am-

plitude pulse in lateral force during flange contact; the second peak results

from the dip in vertical force resulting from wheelset vertical acceleration.

The experiments performed in Phase Two demonstrate that the dynamic wheel-

climb model presented in this report is capable cf predicting both wheelset

response to external force inputs and the resulting wheel/rail contact forces.

This validated model should prove useful in the future in the evaluation of

vehicle derailment safety and synthesis of new derailment criteria.
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4. EVALUATION OF DERAIDIENT CRITERIA

4.1 Coninonlz Used Criteria

Although a larger set of variables are available from the experiments

and simulations for use in synthesizing criteria for wheelclimb derailment,

in this report attention is restricted to those criteria which make use of

the time histories of wheel loads only. The objective here is to evaluate

the hypothesis that sufficient information exists in the wheel load measure-

ments alone to predict derailment safety reliably.

The basic information available in these pulselike signals may be

distilled into the following quantities: peak value, integrated value,

average value over pulse duration, pulse shape, duration above threshold,

etc. Table 4.1 is a sunmmary of candidate criteria which are of the general

form of a load amplitude versus time duration. To test the hypothesis a

wide selection of candidate criteria wasexplored. The widely used JNR

Criterion is of Type 4 in the table; duration t1 is defined to be 1.5 times

the period during which the pulse exceeds 50% of its peak value [30].

Criteria I through S yield a single data point for each event;

Criteria 6 yields a locus of points as the threshold value is swept from

zero to the pulse peak. All criteria may be applied to either L/V ratios

or lateral forces alone. Criteria involving peak values may lack physical

significance and are vulnerable to erroneous conclusions drawn from noisy

instrumentation or wheel loads resulting from high frequency vibration.

Integrated lateral force has units of change in momentum, although it does

not represent the time change in momentum since only the wheel/rail reaction

C
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TABLE 4.1

CANDIDATE U.SLCLINM DERAUE CRITERIA

TYPE ORDINATE ABSCISSA SESIIVITY"

AS

I PEA VALUE TIME ABOVE 2O ('rAZ)

A

2 IGRATED VALUE TAZ j D

3 IGRATED VALUE/TA: TA2
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s INTEGRATED VALUE TNp S+
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forces are being included. By dividing the integrated value by the time

duration, the magnitude averaged aver the pulse is obtained. Criteria

4 and 5 may be used to define pulse duration when the mean value of the

signal before and after the pulse is above zero.

The sensitivity of each criterion to changes in pulse area, shape,

and duration is shown in Table 4.1. In this context sensitivity refers

to the ability of a criterion to discriminate between pulses on the basis

of area, duration, or shape by yielding a different (x,y) value or locus

in the graph. For example, if a criterion sensitive to area were found

to be a good derailment predictor, then derailment could be correlated

with momentum. Many additional cr' z%' can be proposed, but they

generally will perform in a manner very similar to those in Table 4.1.

4.2 Experimental Evaluation of the JNR Criterion

The recorded experimental wheel load and lateral displacement time

histories were digitized and analyzed using computer subroutines which

implemented the various criteria.

For Process B, 112 derailment events (occurrence of large L/V ratios

or lateral displacements) were examined, distributed in the test matrix

in Table 4.2. Cases were selected deliberately to be near the derailment

limit, and do not reflect the distribution of their occurrence in the

field. A special feature of these experiments is the large number of

marginal and complete derailments, which would not generally be available

from field tests.
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TABLE 4.2

TEST MATRIX FOR DYNAMIC WHEELCLIMB EXPERIMENTS

TEST MATRIX
Yaw Angle

3 0 0P -3' Total

No Derailment 10 19 1 30

Marginal Derailment 9 13 1~7 39

Complete Derailment 8 21 14 43
112



AD A132 3RI WHEELCLIMB DERAILMENT PROCESSES AND DERAILMENT CRITERIA
(U) PRINCETON UNIV Nd DEPT OF MECHANICAL AND AEROSPACE 

NiI ASS FIFD DOT-TSC-1603 FIG 13/6 NL

momhmhhhhhhlo""II-III""II..,,............
ll//llgo///o/N



15 0 m iiii 2.

11111 1.1 I2.0

MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF STANOARS.IU963

UUI'-I
4ll In'



4-S

Figure 4.1 illustrates the application of JNR criterion to a typical

L/V ratio pulse using the algorithm shown in Figure 4.2, with the results

of similar application to the events in the test matrix shown in Figure 4.3.

The JNR Criterion is modified using Eqs. (2.4) and (2.5) to convert wheel

L/V ratio to axle L/V ratio. It is clear from these results that not only

does the JNR criterion not predict derailment, but that no criterion based

solely on L/V ratio and time duration could separate the derailment, marginal

derailment, and nonderailment regions. The data in Figure 4.3 includes

measurements at all yaw angles; from the quasisteady derailment results

strong influence of yaw angle could be expected by rescaling the da-ta and

JNR Criterion by the quasisteady limits shown in Figure 4.2 (0.4 at .3 deg.,

0.6 at 0 deg., 3.1 at -3 deg.), a normalized version of the JNR Criterion

results, given in Figure 4.4. The JNR Criterion is still an inadequate

derailment predictor using this modification.

4.3 Experimental Evaluation of Alternative Wheel.Load Criterion

The alternative wheelload derailment criteria are evaluated using

the experimental data base by computing the following quantities:

TAT - time above threshold

PEAK - peak value of L/V ratio

AREA - L/V TAT q ) dt

MOMENTUM a fTAT L dt

(AREA-L/V)/TAT = I (AT ) dt

NORMALIZED MOMENTUM a I f L dt

TJNR - t 1 in Figure 4.1

__ J
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Figure 4.1 - Application of JNR Derailment Criterion to Typical L/V Pulse.
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Figure 4.3.c. Comparison of Dynamic Wheelclimb Experimental Data with

JNR Criterion for Complete Derailment Cases.
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The results of these computations are tabulated in Appendix A. In

the following paragraphs the results of application of the various criteria

* are plotted and discussed.

Tyjpe Z - Peak value of L/V versus TAT

Figure 4.S shows data for the three derailment conditions plotted

in absolute and scaled formats (using L/V ratio scale factors for each yaw

angle). As is the case using the JNR criterion, the spread of peak values

for each derailment case covers almost a factor of ten in the absolute

format and a factor of six in the scaled format. No significant time

duration dependence is evident.

Type 2 - Integrated Values versu~s TAT

Figure 4.6 and 4.7 show data for L/V ratio and lateral force integrated

over the pulse duration, the latter yielding a quantity with units of

momentum. However, as previously discussed, the momentum quantity plotted

here is not the momentum of the wheelset, but rather the change in

momentum due to action of the contact forces alone. In both figures all

data follow a distinct trend of increasing integrated values with increasing

pulse durations. This result is consistent with the observation that the

longer pulses are rather rectangular in shape. Neither criteria discriminates

successfully among the three derailment conditions.

24zpe 3 - Normalised Integr'ated Valuea versus TAT

The proportionality between integrated values in Type 2 criteria and

time duration is compensated by dividing the integrated value by the time

duration. The resulting data are then the average values computed over the
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duration of the pulse. Figures 4.8 and 4.9 show NORMALIZED AREA-L/V and

MOMENTUM, respectively. The results are again very similar to those

for the JNR and Type 1 criteria.

Type 4 - Peak VaZue versus TIP

The JNR Criterion is of this type, with results presented previously.

2'pe 5 - Integrated Value versue TW?

Same results as for Type 2, with data shifted to the left in each

plot, since TNP is always less than TAT. Since no significant influence

of time duration has been found in the test results, Types 2 and 3

criteria are equivalent.

Tqpe 6 - ThreahoZd Value versus Exceedance Tme

This type of criterion is applied by sliding the threshold value,

which is plotted as the ordinate, from zero to the peak value of the

signal and computing the time that the pulse exceeds the threshold. In

this manner, the pulse is mapped into the threshold - exceedance time

plane as a continuous curve rather than a single point. Since the continuous

curve retains much of the information content of the pulse, in contrast

to criteria which reduce the pulse information to a single point, this

procedure may have more potential for derailment condition discrimination.

The exceedance curves plotted are for single pulses, and should not be

confused with statistical plots for continuous running time histories

including many pulses and intervening periods.

L __J
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The results of this procedure applied to L/V ratio pulses are shown

in Figure 4.10. The shapes of the curves plotted are generally similar

to one another, indicative of pulse shapes ranging from half sine waves

to rectangles. The curves for the three derailment conditions generally

overlap in threshold values and exceedance times, with no apparent divisions

among them.

4.4 Results from Variable Yaw Angle Tests

Tests were conducted with the yaw degree of freedom unlocked and

a soft linear spring yaw suspension installed. These experiments for

Process C permitted self steering by the wheelset under flange contact

conditions and hunting phenomena at high speed. The data recorded were

most interesting, but in retrospect the number of data points accumulated

was too small to yield statistically meaningful results. The section that

follows discusses the implications of the recorded observations as examples

of the complexity of the dynamics of Process C, but at this time conclusions

as definite as those for Processes A and B cannot be drawn.

The four generic types of responses recorded for the wheelset are

shown in Figures 4.11 through 4.14. In Figure 4.11 the normal response

of the wheelset at sub-critical velocities to track lateral random mis-

alignments is shown. In the absence of flange contact axle L/V ratios

are small (less than 0.05 ), lateral displacements relative to the~track

less than ±0.25 mm, and yaw angles less than tO.SO w. In Figure 4.12 limit

cycle hunting of the wheelset is shown for velocities in excess of 6 m/s

- I
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model speed. The approximate ranges are ±0.4 for axle L/V ratios,- 0.5 mm

for lateral displacements relative to the track, and- 1.5 ° for yaw angles.

Derailments did not occur under these conditions.

In Figures 4.13 and 4.14 the responses to step inputs in lateral force

are shown. The tests were conducted in the sane manner as for Process B

except that the rubber retaining wheels preventing derailment on the left

rail were removed. Axle L/V ratios up to 1.2 were recorded, with yaw angles

in the range of +20 to -60, and lateral displacements including

full derailment. This type of response occurred up to 3 m/s model speed.

Above 3 m/s but below the apparent critical speed of 6 m/s a limit cycle

hunting motion was initiated after release of the applied lateral force.

This response is shown in Figure 4.14. The wheelset may or may. not derail

due to the initial application of the lateral force, but once the force

was removed and hunting started no further derailments were observed.

Detailed examination of this limit cycle showed that it is identical to

the one found above 6 m/s in frequency and trajectory in the phase plane.

The stability of the limit cycle behavior is shown in Figure 4 .15, with

a stable limit cycle existing for speeds below the critical velocity,

contrary to limit cycle behavior predicted in several recent papers. The

production of a limit cycle after a large lateral force is removed is of

practical significance, since this could simulate conditions at the exit

from a curve. Additional discussion of this behavior, known as a Hopf

bifurcation is given in [2,4].

The most interesting results from a derailment prediction point of

view are those typified by Figure 4.13. For the same applied lateral

force both derailments and nonderailments occur.

I
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Close examination of the responses shows several key phenomena:

1) The yaw moment acting on the wheelset when in flange contact

causes the axle to be steered towards the track center; i.e.

a positive lateral displacement leads to a negative yaw rate.

The yaw moment acts to inhibit the derailment process, since as

the yaw angle becomes more negative, the lateral creep forces

increase in the negative direction.

2) The key determinant of derailment is the yaw angle at the time

of initial flange contact. In Figure 4.13, the yaw angles at contact

for the derailing cases are about -l degrees, while for the

nonderailing case it is about -3 degrees. The value of 'he

yaw angle at flange contact is a random variable, determined

by the wheelset motion prior to application of the lateral force.

While insufficient data was obtained to evaluate derailment criteria

quantitatively, the observations described above provide a qualitative

indication that criteria which do not explictly or implictly account for

yaw angle effects will not be successful predictors of derailment safety.

4.5 Discussion of Experimental Results for Dynamic Wheelclimb Processes

The experimental data presented in this section shows that a variety

of time-duration dependent wheel load derailment criteria are unsuccessful

in predicting derailment safety. The nonderailment, marginal derailment,

and complete derailment cases are represented by these criteria with data

points in overlapping regions spread generally over an order of magnitude.

Defining derailment safety criteria below the minimum levels at which

L J••
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derailment occurred would be overly conservative, possibly excluding

vehicles, operating conditions, and track maintenance standards that

could be demonstrated to be safe with more discriminating criteria.

Even if these minimum levels were to be used, they do not establish

a lower bound for derailment, since lower data points possibly could

be measured.

The data presented do not indicate that a time-duration dependence

should be included in derailment criteria. The time durations measured

are in the range of 20 ms to S0 ms, somewhat above the

range of durations in JNR data [7]. it is possible that under different

experimental conditions impulsive whee'l loads with very short (less than

10 ins) time durations and high amplitudes could be measured that

would justify a time-duration dependence in wheel load.

4.6 Derailment Diagnostics

In the scale model test program reported here it was equally feasible

to measure responses that did or did not involve derailment. In full

scale tests of vehicle safety, in general it will not be feasible to derail

vehicles. This presents a dileinna analagous to nondestructive material

testing, being that if the test conditions are not severe enough, no data

relevant to safety limits may be obtained. It is most desirable to be able

to detect the approach to a derailment limit without exceeding it.

The measured responses shown in Figure 4.16 demonstrate such a diagnostic

technique. By high-pass filtering and integrating the signal from an
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accelerometer attached to the wheelset, the lateral velocity of the wheel-

set is obtained. The single peak shown in the left half of Figure 4.16

is generic to nonderailments, while the double peak on the right half is

generic to marginal derailments. The physical explanations for these

responses are straightforward. At initial flange contact, the rapid

increase in contact angle rapidly decelerates the wheelset in the lateral

direction, resulting in the first peak. In a nonderailment the velocity

returns to zero, the derailment process stops with only a single peak.

In marginal and complete derailments the velocity does not return to

zero after the first peak. In complete derailments after the deceleration

associated with the first peak occurs, the wheelset again accelerates.

In this case the velocity increases until the wheelset leaves the track.

In marginal derailments the lateral forces applied to the wheelset reverse

direction before the complete derailment, centering the wheelset on the

track. This last second rescue causes the second peak.

This phenomenon may be readily exploited to achieve a simple diagnostic

indicator of impending derailment conditions. Since the number of peaks,

rather than absolute values of signals, are involved, simple logic circuits

or microprocessor computer programs could test signals in real time. For

example, the forward velocity of a locomotive under test could be increased

on succeeding runs over a perturbed track section until double peaks are

detected. At this point this test sequence could be terminated, with the

knowledge that a derailment safety limit had been found.
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While more research is required to establish and validate diagnostic

tools applicable to full scale vehicles, the initial success of this technique

found from single wheelset experiments is most encouraging.

t
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S. CONCLUSIONS

5.1 Conclusions

The experimental and analytical studies of wheelclimb derailment

presented in this report result in the following conclusions regarding

derailment criteria:

1) Wheelclimb derailment criteria based on quasisteady theory are

adequate for derailment prediction under conditons of negligible

lateral incident velocity and constant positive yaw angle. At

negative yaw angles derailment occurs at L/V ratios somewhat

below the predicted limits.

2) Application of the JNR and other time-duration dependent derailment

criterion for nonderailment, marginal derailment, and complete

derailment cases are each spread over an order of magnitude in

L/V ratio amplitude and time duration. None of the criterion tested

could distinguish between safe and unsafe conditions. Defining

a safety criterion below the derailment data would be overly

conservative, possibly excluding vehicles, operating conditions,

and track and maintenance standards that could be demonstrated to

be safe with a more discriminating criterion. Furthermore, the data

provided do not necessarily establish a lower bound for derailment,

since lower points possibly could be measured.

3) The analytical models for dynamic wheelclimb yield accurate

predictions of wheelset response to external force inputs,

in terms of wheelset otions during derailment and wheel/rail

interaction forces (i.e. L/V ratios).

4 -..
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4) Evidence has been found that derailment criteria employing variables

measured in addition to wheel loads may be successful in predicting

derailment safety, and that diagnostic criteria may be developed

for warning of impending derailment.

5.2 Recommendation for Future Research

To achieve the objective of defining a reliable measure of derailment safety,

the following would be useful as topics of future research:

a) New wheelclimb derailment criteria should be developed and validated

that include variables in addition to wheel loads, such as lateral

velocity and yaw angle, that are readily measured under full scale

test conditions. Such multivariable criteria should be better

indicators of derailment safety.

b) Criteria for the wheelclimb process should be combined with

criteria for other derailment modes, such as gauge spreading

and rail rollover, to yield a comprehensive safety measure. Track

stiffness parameters would be key variables in the comprehensive

criteria formulated.

c) The results of analytical and experimental studies of derailment

of single wheelsets should be extended to complete trucks and

vehicles. It is very important to establish the degree to which

single wheelset criteria may be applied directly to complete

vehicle configurations.

., L .J
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In addition to the above, the concept developed in this study of

derailment diagnostics should be pursued. This technique provides a means

for detecting marginally safe conditions in full scale tests, so that

safety-related phenomena may be measured 
without actual derailments being

required in the test plan. Scale model experiments will continue to be

I useful to the study of fundamental derailment processes, due to the greater

control of test conditions possible and the relative ease of study of the full

range of derailment conditions.
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APPENDIX B

DESCRIPTION OF PHASE ONE APPARATUS AND WEELCLIMB EXPERIMENTS

B. Description of Wheelset Apparatus

The development of validated derailment criteria has been inhibited

previously by practical limitations in obtaining a comprehensive set of

experimental measurements of critical variables under a range of conditions.

The apparatus used in this research is designed to provide detailed measure-

ments of wheelset motions and loading during the evolution of derailment

events. It is also designed to provide sufficient control of test conditions

so that the reproducibility of results may be established and the complete

spectrum of phenomena necessary for derailment prediction be explored.

The apparatus used to study wheelclimb derailment is a one-fifth scale

model wheelset described in detail in 129]. The wheels and rails are

machined to unworn profiles from a polycarbonate resin material which

assures proper scaling of the wheel/rail contact (creepage) forces in

relation to the applied axle loading. The wheelset has lateral, vertical,

yaw, and roll degrees of freedom,,and is attached to a force measuring

system with vertical and lateral freedoms, the latter simulating a generalizee

truck mass. The track structure is tangent track, rigid in bending and

torsion to eliminate interactions between wheelset and track deflections,

and maintained to Class 6+ geometry [31].

The apparatus consists of the following elements, shown in Figure B.l:

a) Wheelset or truck model, dynamically scaled from the full-scale

prototype. Applied static and dynamic forces are scaled so that dynamic

behavior of the prototype is reproduced.

L _J
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b) Linkage and gimbal systems providing the model with vertical and

lateral displacement, yaw, roll, and pitch angular degrees-of-freedom. The

sequence of freedoms provided is such that all possible body orientations

and trajectories are obtainable, assuring normal wheel contact at all times.

c) Idler carriage traveling along the track with an independent

suspension system to provide an attachment point for the linkage system.

Running on well-aligned smooth rails, this rubber-tired carriage provides

a reference for all force and displacement measurements. It also provides

a platform for application of suspension forces, and is a mechanical link

to external propulsion, power, data reduction, and data recording equipment.

d) Powered general purpose test carriage, providing velocity-controlled

propulsion, instrumentation power, signal conditioning, and data recording.

The powered carriage runs on an independent rail system.

In the following paragraphs the wheelset and support system are

described in detail.

WheeZset ModeZ and GimbaZ System

The wheelset consists of two polycarbonate resin wheels machined

by numerically-controlled lathe to the specified profile (Figure 9.2),

mounted on an instrumented axle. The gimbal system, shown in Figure B.3

and B.4, provides yaw, roll, and pitch angular degrees-of-freedom to the

wheelset or truck body. Each rotation is supported by precision bearings

mounted in close tolerance housings. The gimbal unit is designed to

minimize deflections other than the desired rotations, yet be lightweight

to reduce influence of gimbal inertia on wheelset dynamics.

• •I



B-4

Figure B.2 Scaled Wheels Machined to Profile of Now Full-Scale Wheels.
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The base end of a six-component strain gauge balance is fixed to the

linkage/balance adapter, constrained to move parallel to the track without

roll, yaw, or pitch. By so doing, any forces or moments transmitted through

the gauge to elements clamped to the metric end of the gauge are sensed in

raii coordinates. The yaw/balance adapter is rigidly clamped around the

gauge,with its other cylindrical axis oriented vertically.

The yaw/roll body adds the first rotational freedom. Its tee-section

encloses that of the yaw/balance adapter; the yaw atxis 's supported by

bearings, while the cylindrical section along the gauge allows clearance for

* *3 degrees yaw rotation. The lower cylinder of the yaw/roll body provides

the axis of rotation for roll. On the top of the yaw/roll body is a yaw

plate, parallel to a similar plate on the yaw/balance adapter. These

plates are used for establishing the nature of the yaw freedom; at one

end of the plates are locations for yaw springs, while at the other end

are locking clamps to prevent yaw displacement as dictated by the experiment.

The roll/axle body allows the second rotational freedom. The lower

bearing supports surround the cylindrical housing of the yaw/roll body,

with bearings used for support. The yaw bearings pass through the center

of the roll/axle body with clearance. The upper bearing supports are for

the axle rotation freedom. In truck experiments, the axle is replaced

by the truck center bolster.

The assembled gimbal system is shown in Figures B.5 and B.6. The

strain gauge axis, coincident with the roll axis, is parallel to the track

between the wheel/rail contact points (when wheelset is centered). The

yaw rotation axis passes through the center of the wheelset.
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'IL

Figure B.6 Wheelset and Gimbal, Showing Yaw Protractor and Locking Device.
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Lateral/VerticaZ Linkage Sys tem

The lateral/vertical linkage system, shown in Figures 1.4 and B.7

connects the strain gauge balance to the idler carriage bulkhead in a manner

that sustains its orientation parallel to the rails. The bulkhead is

rigidly fixed to the idler carriage, so it is a fixed inertial plane normal

to the rail x axis. Lateral and vertical freedoms with no yaw or pitch

rotation are provided by the parallelogram linkages. The linkages by

themselves do not provide adequate roll stiffness to the gauge balance base;

this stiffness is provided by a torque tube connecting two automotive

universal joints.

ITdler and Powered Test Carriages

The track-mounted idler carriage with installed linkage/gimbal/wheelset

assembly is shown in figure B.S. The carriage serves three functions:

a) Provides a fixed reference for all force and displacement measure-

ments.

b) Provides a platform for application of static and dynamic suspension

vertical and lateral forces and moments to wheelsets and trucks.

c) Provides a link to main overhead carriage for propulsion, on-board

power, data reduction, and data recording.

The carriage frame is fabricated of two-inch welded aluminum tubing

for high strength to weight ratio. At each end of the carriage are three

sets of pre-loaded opposing wheels that provide the carriage with its

own independent suspension. Each wheel is aluminum with specially molded

rubber tires. The rubber on the top and side wheels is hard to provide a

stiff suspension as they roll on the smooth, aligned surfaces of the rail

top and rail mounting bracket side surfaces. The rubber on the wheels riding

on the rougher underside of the track support structure is softer. The

L pre-load is adjusted through cams built into offset wheel axles.
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Figure B.7 Parallelogram Linkage and Torque Tube Preserving Rail
Coordinate System Orientation of Gauge Balance Through
Connections to Bulkhead.
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Figure B.8 Wheelset Apparatus Mounted in Idler Carriage.
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The test carriage is powered by a variable displacement hydraulic pump

with velocity feedback to provide precise velocity control (speed constant

to l). The carriage maximum velocity is 12.2 m/sec. The complement of

signal conditioning and recording equipment on-board is described in the

following instrumentation section.

B.2 Instrutmentation

The transducers employed in the wheelset experiments are listed in

Table B.1. The principal force measurement device is a six-component internal

strain gaugebalance, shown in Figure B.9. This device measures all force

and moment components transmitted from the base end to the gimbal-mounted

model. Since the balance is maintained parallel to the track the forces

and moments are measured in rail coordinates. When the wheelset is centered,

the axis of the gauge is colinear with the contact points, as shown in

Figure B.10.

Translational and angular displacements are measured by DCDT-type*

linear transducers and geared potentiometers, positioned as shown in

Figure B.10. The linear transducers measure track gauge and the lateral

position of the balance, while the pots measure yaw and roll angles.

Accelerometers measure wheelset and track lateral accelerations.

Axle speed is not constant, due to flanging, so that this variable

is measured by DC tachometer (Figure B.10). This signal will also

indicate abnormal test conditions such as gross wheel slippage.

A Direct Current Displacement Transducer operates on the linear variable
displacement transducer principle. An oscillator, rectifier, and low-
pass filter built into the transducer housing provide a DC voltage
output proportional to displacement.

L __.J
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TABLE B.1 INSTRUMENTATION USED IN SINGLE WHEELSET EXPERIMENTS

Transducer Variable Measured Symbol

Six-Component Strain Gauge Balance Axial Force F4

Lateral Force F 4
Y

Vertical Force F2+

Yaw Moment 
H2

Roll Moment M +

DC Generator (tachometer) Wheelset Rolling Velocity S?

Geared Potentiometers (2) Yaw Angle

Roll Angle

DCDT Displacement Transducers (2) Lateral displacement of y
wheelset, relative to
track

Track Gauge 61- 2

Servo Accelerometers (2) Wheelset lateral
acceleration y

Track lateral acceleration 6

t_ _ ..
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Figure B. 9 Section View of Six-Componlent Internal Strain Gauge Balance.
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B.3 Data Acquisition and Reduction

The system used for data acquisition and reduction is shown schematically

in Figure B.11. All data from the wheelset transducers is recorded on a

four track frequency modulated (R) cassette tape recorder. Eight channels

are multiplexed onto each of two tracks, recording lower bandwidth signals.

The higher bandwidth accelerometer signals are recorded directly on the

remaining two tracks. Lowpass (2S Hz) analog filters are used between the

transducers and multiplexer (100 samples/s) to minimize aliasing effects. One

channel of the multiplexer is dedicated to recording an identification signal

used to mark the locations of calibration data and running time records on the

cassette tape.

After a series of test runs have been completed, the cassettes are

played back for digitization of the signals. The multiplexed tracks are

demultiplexed, and all signals are again lowpass filtered prior to digitization

to minimizing aliasing. The sampling rate is 200 Hz. Data is stored on

magnetic tape and reduced on an HP-1000 minicomputer system.
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BA4 Track and Support Structure

f1rack Structure

To perform repeatable, systematic experiments on the dynamics of rail

vehicles requires careful control and detailed knowledge of the track.

Track irregularities provide the principal disturbance input to the truck,

and coupling between vehicle and track support structures may be significant.

Track in service is subjected to intermittent loadings, wear, extremes of

temperature, and variations in other ambient conditions that lead to

irregularities in track geometry, railhead profile, and rail surface

condition that may vary with time and track location.

The objective of the track design in this program is to minimize the

influence of these effects in order to isolate the important wheelset

dynamic properties. It is emphasized that non-ideal track characteristics

are extremely important to derailment in the field; in future experiments

the importance of such effects may be explored by systematically introducing

them into the model experiments.

Consistent test track conditions are maintained through the following:

a) The track structure is designed to provide sufficient static and

dynamic stiffness so that changes in track geometry under load

are negligible. Such high stiffness isolates the truck dynamics;

in subsequent programs track flexibility may be incorporated in

the experiments to quantify the importance of this effect.
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b) Track geometry is specified using statistical models, calibrated

with survey data taken at periodic time intervals. Adjustments

are provided for vertical and lateral alignment, j~auge, and cross

elevation.

c) The railhead profile is machined to be invariant over the track

length. Profiles from different track locations may be sampled

over time to check wear through use of optical comparators and

contact impression tape.

d) Uniform surface condition of the rails is maintained by its

indoor location and periodic cleaning with methyl alcohol as

standard test procedure.

e) Irregularities induced by temperature variations (range of 270C

yearly) are minimized by design; measurable effects are eliminated

through realignment.

These design goals are quantified as specifications in Table B.2.

The remainder of this section describes the design and measured characteristics

of the track and support structure.

The support structure shown in Figures B.12 and B.13 is an elevated

dual channel beam configuration with cross webs for increased torsional

rigidity. The structure is supported on 1/2 in. (1.27 cm) threaded studs,

permitting vertical alignment and cross elevation adjustment. The support

studs are welded to steel cross ties, which are secured to the concrete floor with

thunderstud bolts. Rail lateral alignment and gauge adjustment are achieved

through movement of rail mounting brackets along a steel plate bolted to
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TABLE B.2 DESIGN GOALS FOR SCALE MODEL TRACK

Parameter Goal

Track Stiffness:

- Vertical 0.12S = deflection for 445 N vertical
load on both rails

- Lateral 0.12S = deflection for 11I N lateral
load on one rail

Alignment:

- Vertical & Lateral Spectral density, in scale, as good
as or better than Class 6 track.

- Gauge 287 * 0.25 mm~

- Cross-elevation *0.25 mm (0.08 percent slope)
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Figure B.13 Installed 213 m Scale Model Test Track.
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the top of the channel beams. These adjustment mechanisms are required

due to inevitable concrete floor settlement, temperature gradients, and

relaxation of internal stresses in large section members that will tend

to distort and misalign the track. Measured stiffness properties of the

track structure are given in [29].

Measrem'wents of Model Track Geometry

Track geometry was determined using statistical models in [29].

The resulting spectral densities for vertical and lateral alignment, cross-

elevation, and gauge are given in Figure B.14 through B.17 plotted with

scaled track geometry data. [31]

RaiZhead Profi~e

The rail profile used in the model track is a geometrically scaled

reproduction of a new 133 lb CF and I rail. The results presented in

this report are specific to the wheel and rail profiles used, and may

differ for other geometries. The 1/40 rail cant is built into the model

rail profile, so that the gauge edge of the railhead is vertical.

The rail section is shown in Figure B.18. The rails are machined

from annealed polycarbonate resin bar stock using special cutting tools

with the specified profile. Tool wear was checked to monitor profile

uniformity over the rail sections. Sections were numbered in sequence

of machining; they were Installed in the same sequence to ensure gradual

profile changes (if any) over the track length. Two contact profiles,

identified as A and B, were machined so that a second surface is available

at no extra cost should the first surface be changed by wear or impact

damage. Two V-grooves were machined on the sides as seats for mounting

spring brackets; a small extra groove is added to identify the contact profile.
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Figure B.15 Spectral Density of Model and Scaled Class 6 Track
Alignment (lateral) [31].
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Figure B.18 Cross section of Model Rails.
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The rail is generally square in cross-section, and is considered

to be rigid as mounted on the support structure. As described previously,

in the present experiments rail flexibility is not included, so as to

isolate truck dynamics.

Preparation of WheeZ and RaiZ Contact Surfacea

The establishment of experimental conditions that produce scaled

wheelset forces and moments was found to be critically sensitive to the

coefficient of friction v between the wheel and rail surfaces. Considerable

effort was required to develop procedures for cleaning and final surface

finishing to achieve uniform, realisti: adhesion characteristics.

Adhesion limits v have been measured to range from 0,1 to 0.5 in field tests

using full-scale vehicles, the limit being a strong function of surface

co:idition, presence of contaminants, and wetness, and a weak function of

forward velocity. It is desirable to design experiments to operate at

the upper end of the range, since the effects of all creep forces (which

are proportional to 1) are more readily measured. The polycarbonate resin

has a friction coefficient of 0.52 (from product literature) to 0.3 (from

roller rig measurements). Under ideal conditions, therefore, it is

suitable for use as a material for wheel/rail contact surfaces.

For the initial wheelset experiments the wheel profile had a satin

finish resulting from the precise machining performed on a nunerically-

controlled lathe. The rail surface, machined using a specially contoured

flycutter, had longitudinal grooves due to imperfections in the cutting

tool, and lateral, scalloped markings due to movement of th- rail past

the cutter. Although these machining marks were less than 25 un in depth,

L I
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they significantly reduced the achievable adhesion limit. Even with

extensive chemical cleaning to remove contaminants, the maximum friction

coefficient measured (in yaw moment tests in flange contact) was about

0.1.

A procedure was later developed to remove these tool marks using

emery paper (grit Nos. 180 and 400) and micromesh diamond cloth (no. 1000)

successively, each used in machine sanders held in jigs to preserve the

original rail profile. The contact surface is inked with felt markers

to highlight the machine marks; the surface is abraded until all tool

marks are removed and a smooth finish is achieved. The wheels and track

are chemically cleaned with methyl alcohol prior to each run, with a

strong industrial solvent used periodically to remove grease accumulated

after the track has been unused for extended periods.

B.5 Description of Wheelclimb Experiments

Experiments are conducted at constant forward velocity and axle load,

preset at the beginning of each test. Lateral forces arz. :pplied to the

model as shown in FigureS.19 . Wheel/rail reaction forces are measured

by the strain gauge balance which produces signals proportional to the

total wheel/rail contact forces acting on the wheelset (axle L/V ratio).

Comparisons with theory are made using the axle L/V ratio, since separate

wheel force measurements were not made. Quasisteady derailment (Process A)

is measured by progressive lateral loading of the model with a ballscrew

drive motor, with vertical load, roll moment and forward velocity held

constant. During the dynamic experiments (Processes B and C), a pneumatic

if
- ..
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Figure B.19 Applicationl of Forces to Wheelset Model.
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servo actuated photoelectrically at specific locations along the 200m test

track applies lateral forces to the wheelset model. The magnitude and

duration of the applied lateral forces are varied during the series of

experiments, as well as vertical axle load and forward velocity. To

provide uniform initial conditions for the experiments, the wheelset is

held against stops near the opposing rail prior to application of the

lateral force. Responses are recorded on an FM tape recorder, and

subsequently digitized for detailed analysis off-line.

Experiments on Process A were conducted at yaw angles over the

range of -3O to +30, for roll moments covering the range possible

without wheellift at either wheel. To simulate Process B, a series

of experiments was conducted at constant yaw angles of 3 0 to 3 9

by locking this degree of freedom. Experiments for Process C were

conducted using a yaw spring suspension with low stiffness. Tests

were conducted on the wheelset from below critical speed to beyond the

onset of hunting. Lateral force pulse inputs were superimposed on the

track inputs to simulate dynamic curving.

Experiments were performed to determine the reproducibility of the

derailment events. This information is useful in determining the extent

to which derailment processes may be described by differential equations

in a deterministic manner, without including random variations in parameters

or forcing functions. The results of these experiments were highly

reproducible at specific track locations, but exhibited variation in

results when the same forces were applied to the wheelset at different

sites along the track as shown in Figure B.20. Since the rails were
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machined to a profile that is relatively uniform along the track and

the rails cleaned with methyl alcohol prior to each test, the occurence

of derailment appears to be sensitive to minor local variations in

friction coefficient and railhead profile.
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APPENDIX C

DESCRIPTION OF PHASE TWO EXPERIMENTS

C.1 Purpose

The experiments conducted during Phase Two of the research program were

designed to help resolve the following issues:

1. The time durations of large lateral forces during derailment events

that were measured in the Phase One experiments were significantly

larger than those predicted from simulation. The bandwidth of the

instrumentation used in Phase One was limited to 25 H~z, which would

filter lateral force impulse-like signals. The bandwidth of instrumen-

tation used in Phase Two was extended to 100 Hz, which was determined

to be sufficient to pass the predicted lateral force signals.

2. In the Phase One experiments, the strain gauge balance was the only

force measuring device employed. This created an ambiguity in re-

solving dynamic forces acting on the individual wheels, inertial forces,

and externally applied loads. Under quasisteady derailment conditions,

with inertial forces insignificant, the remaining loads were in equilibrium,

so that they could be resolved analytically. Under dynamic loading

conditions, it is necessary to have independent measurements of the

load signals. In the Phase Two experiments, an instrumented wheelset

with plate mounted strain gauges was used to yield lateral and vertical

force signals for each wheel. A load cell was used to monitor the

external lateral force input, with an accelerometer used to sense

inertial forces in the lateral direction.

In the remainder of this Appendix the hardware and experimental procedures

used in Phase Two are briefly documented.
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* C.2 Instrumented Wheelset Design

An instrumented wheelset was designed to provide measurements of lateral

and vertical forces acting on each wheel, subject to the following design

criteria:

1. Maximum sensitivity of output signal to input load.

2. Minimum sensitivity of output signal to other loads (cross-

sensitivity).

3. Minimum sensitivity of output signal to load point location.

4. Minimum sensitivity of output signal to thermal and centrifugal

stresses.

5. Minimum ripple in output signal when subjected to continuous load.

To determine the best choice of strain gauge bridge geometry the strain

field of the wheel plate surface was mapped, for various combinations of load

magnitudes and application points. Using the mapped fields as a data base,

a number of bridge designs proposed in the literature were evalua'ed using

computer simulations.

For the lateral bridge, a constant output, two-sided configuration pro-

posed by ASEA/SJ was selected. This configuration, shown in Figure C.1, is

described in [32]. The principal advantages of this design were moderately high

sensitivity and no need for processing of the signal downstream of the strain gauge

bridge amplifier [32). The principal disadvantages cited in[132], sensitivity

to thermal and centrifugal stresses, proved to be insignificant problems for

the Lexan scale model wheels used.

For the vertical bridge, an "IA+BD triangular output configuration proposed by

ASEA/SJ was selected. This configuration, shown in Figure C.2, is also described

in 132]. Two bridges of the geometry shown in the figure are required, mounted
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Figure C.2 -Con~figurationl for vertical force strain gauge bridge (from [32]).

Tweo bridges of this type are mounted at 45 deg. spacing.
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45 deg out of phase with each other. The outputs of the two strain gauge bridge

amplifiers are added together using the following equation,

Output - Max (I, BIB, K(IAJ + IBI)) (C.l)

where K is a constant selected to minimize ripple. In the experiments reported

here, bridge signals A and B were recorded directed, with the operations specified

by Eq. C.1 performed by digital computer during post-experiment data reduction.

The final wheel designs required application'of twenty-eight strain gauges,

fourteen to each side of the wheel. Gauges selected were Micro-Measurements EA-41-

062DN-350, selected for their small size, convenience of mounting, and compati-

bility with the Lexan wheel material. The strain gauge signal bridges were

connected to their external excitation and amplifiers via slip rings mounted at

each axle end. The completed assembly is shown in Figure C.3.

C.2 Instrumented Wheelset Instrumentation and Calibration

The strain gauge bridges were excited and sensed using Analog Devices Model

2B31 strain gauge conditioners. Three-pole, Bessel type active lowpass filters

were used, with a cutoff frequency of 100 Hz.

The completed wheelset and signal conditioning subsystem was calibrated by

mounting the wheels in a machining lathe fitted with a specially-designed rolling

wheel fixture. The fixture was equipped with a wheel machined to the same

cross-section profile as the rail used in the track experiments. The fixture

provided variable vertical and lateral loads, over a range of load application

points. Using the lathe/fixture apparatus, the wheelset could be calibrated under

running conditions similar to those encountered during derailment tests.

The calibration experiments consisted of applications of vertical loads in the

range 0 to 34 n (derailment tests at 22 n nominal load), lateral loads in the

I,_..
- I
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Figure C.3 -Assembled single vhoelset apparatus, Including plate instrumented4 wheelset.
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range 0 to 18 n (maximum lateral impulse load subsequently measured was 90 n),

for contact point locations from the flange to the outside edge of the wheel.

From these calibration tests, the sensitivities of the output signals to

applied loads were determined. The sensitivities were found to be independent

of contact point location and cross-load to within + 10%, as desired.

C.3 Instrumentation and Data Acquisition Systems

The complete instrumentation system for the Phase Two experiments is shown

in Figure C.4. The system is similar to that used in Phase One, with the exceptions

of the instrumented wheelsets, higher bandwidth strain gauge amplifiers, and load

cell for measurement of external applied lateral force. Data was recorded on a

fourteen track Honeywell 5600 FM tape rezorder. The availability of more tracks

eliminated the need for multiplexing (as in Phase One), permitting higher bandwidth

for all signals. Subsequent to the track experiments, the data was processed by

lowpass anti-aliasing filters (100 Hz bandwidth), and digitized at 400 Hz on a

Preston Scientific GMAD-l analog-to-digital converter. Data storage and reduction

were performed on a Hewlett-Packard 21MXE Series 1000 minicomputer system located

at the Princeton University Gas Dynamics Laboratory.

4 - I
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Appendix D

LISTING OF DYNAMIC WNEELCLIMB SIMULATION

PROGRAM "WHSET"
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C 3350001
C M100020
C PNO30611 TO SIULAYR TU333-DIISIOUAL NOTION1 I 3300030
C I OF A SINGLE 3333133!. PLUS LATERAL 1 3US00040
C I ISPLACNU3NT OP TER TRUCK 13833. S333 WXRAfLA I w3500050
C g CONTACT 0303311! AND RKIZIE CUSP? FORCES I 3350060
C wa 3S00070
C I P306311330 3T L. I. SW33T AT .153 21ILWAT wa3S00080
C ICENICAL asSEaRcI 1115 TOKYO.s JAPA, I ~ ~ 133500090
C I vRSz01 1 SI 1982 I 3S00100
C -- - ------------- ' 33300110
C BWSOO120
C 4--H- . 930130
C I IVAIL I 38300111
C *-------. 800150
C ORS00160
C v 33300170
C * 3130018
C S ALTAD I 3100190
C *-----S-O330200

C II3S00210
C T 31S00220
C *--------- 3HS00230
C I TRACK I BS002410
C ------- 31S00250
C I 311300260
C v 33300270
C @-------.330280
C I IT 33300290
C -------- 3H300300
C 333H00310
C ------- 3B00323
C < 033PRATO > 33300330
C --- 33-- H003410
C v 33S00350
C *--------. * --- 4 33300360
C I DDE3K I --- >1 VD33!V OPSO30370
C -------- -------------- * 33S30380
C -------- I 4S330390

c 4-------)0I 6303 I NS00400
C 2"- 4 13004110
C tHI33001.20
C ------------ 4 333001130

C on9 ONS3300400

C t 3330006

C I 9* - -S330470

C ---- - ->I CIZEFS 1 3330011.
C # -------- 333001190
C I I3300500
C I 9------5300510

C -------------- ALKE 9 302

C IN030500
C vH3300550
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C I -- 8---.300560

C ------ ) ?NONE 1 NNS00570

c on-------.vsooseo

4C - - - ----. 3500600
C ----- 2t VUL NE3S00610
C I ----- *3SO0620

C PH 3SO0630
C I ------ NS 064.0
C I JI3LI I 33S00650
C ER ----- *3S00660

C 9931100670
C WES------ 300690
C ------- >I I'Susp I 300690
C WRS- * 300700
C Y 33500710
C 4---- G 300720
C I TR 51INj3S00730
C 98-----.1SO0740

C 333 10750

c 33500780

C mai URE S00790
C 4---------- ---- 4 33S00800
C INS0O6lO

IAL 511,UZZO 33S00920
D152S101(13.3 1(11.3.T7.32.T7).U(0. 3500830
I1 P1(2) F2 (2) , XFLAQ (3) , s (7j 33SOOR40
SITIAL ?DEBIT UHSD0ASO
CORSON /KALX/ TIFT 33500960
CONNOR /VPRUO/ Vii ,VOP 33500870
CORSON /LOAD/ PZ.3h1.PTG.EZZO WUS008SO
CORON IFORCES/ Fl.12,13 33500890
CONNOR /ACCZL/ TDDOT,PSDDOT 33500903
CONNOR /?BBC&/ PS.PSZT NES0041O
DATA ZSI.DIlt,?U /1.02-02#.0.0@.0,..01-03/ 3350092O
DATA TIAI.13A1 /.20,4000/ IRS0O9 30
DATA MPOT /4/ gUS 00940
DATA IEAR /5.03-09/ 33500950
DATA ILAC /300/ IRS 00960
CALL WEUAIL 33500970
CALL RILTAD 31500980
CALL TRACK IHS00990
CALL III? (T) INWOOD0
CALL V3013(y) URSOlolo
Do 45 Jul,? 33501020

45 17 (V3(I) .Lt. 0.0) IFLAG(1)m1 33S01030
11 (IPLAG(1) .30. 1 .02. IFLAS(2) .30. 11 Go TO 30 INS01011
CALL PD3311(T,T.DT) valSO 050
1-0.0 UNSO 1060
CALL 51033(1) VRSO1070

33113 (6,106) 33301090
104 PODIA? BITI 31013 N T IUTI3YALO) 31301100
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BRAD (500) II? IPSO 1110
W3IT3 (6,101) VWS01120

101 101311 (4 31311.1111 5361533%) 98S01130
20 CALL Fo3031 (I) V3501130

9 0 2S 1=1,2 ofSO 1150
25 11 (73(l) .3s. 0.0) 313.16(l)-i INS01160
C 11 (113.16(1) .51. 1 AND3. 113.15(2) .33. 1) 50 TO 26 WNS01170
C CALL 51013TK1Z.T) 33501180
C So0T030 33307190
26 133s-1234S NOS01200

3.13131 (le3311) ISO 1213
CALL 33113311TDT7SS1U11!3)351220
IF (IRS .11Q. 100) 60 T0 20 33S01230
IDD0T.3T (2) VNS01240
ISDVOIDY (5) WHSO1250
1? (B03(111.11L0!) .11Q. 0) CALL SIORS(T@T) 33S01260
ZIP (T GT. 1311) 60 T0 30 NOSO 1270
IF (133(1(11) .U.. 0.0200) 00 T0 35 V3S01240
IFLAG(3) .1 3S01290
CALL MI0NE (1,!) 99501300
60 T030 RNs01310

35 3?1u311.1 INSO1320
17 (31! .63. lEAX) 60 T0 30 IHS01330
IF (HOD(UPT.XUT) n3. 0) 60 T0 20 311S01340
33111 (6, 100) 311.Y.3.T(1),.1(2).T(S),.1(6).T(7) 3SS1350

100 101311 (10,229.2,42,S310.2) VWSn1360
60 TO 20 WES01370

30 c03TXUE INS01380
SA111 6,102) IFLAG 3330190

102 FOMT1(' FLAGS - 9,3110) RIS01100
ST0P IfiSO1410
END IRS014620

C 33S014133
C -------- INS0 1310
C I 3331 I 3S01450
C ---------. Vps 1461
C WHSC14170

5513051133 1311(1) uI~SD9
C VHS01490
C INADS IS MULATTOS10 CONTROL P1AA8231S ?30N 723IIAL IHSO 1500
C SITS P30611K P131331335 n303 31TA 511131331S INS01510
C WHS01S20

DIMENSION 1(?),1(2),ILPA12),L(2),230(2).31(2),A?5(2),.31!(2). 3H30153
I CI(2)1(2).712).15(7) wasaisso
COUSON /111311/ *3IIN5,I.13S01560
COMBON /SF1AA/ Y,13ZSI3S306.5P31 IRSO 1570
common /V133ID/ 131.103 1Soisao
COUPON INAIBBL/ .0,23 IHS0 159D
cosmos /LOAD3/ M.UvZ,FTO.UZZO IHS01600
cosmos /630/ Z,33lPIDI,0PI1P1L30.YAI3lC! uS31610
CONNOR fFO3C3S/ 71,72,F3 3pW~1620
CONNOR /ACCBL/ 13301.3530 WN301630
cosmos /TRUCK/ 15,15!? 1351640
R3AD (1,*) 33,31 33501650
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331D (1,*) 1213411.132 NBSO1660
3R1D Of*0) S1.3 it?1501670
RE1D (1,*) 31.311 ISO01680
BRAD (I,*) 3151.D51S IPSO 1690
3EAD (I,*) s3111.a131 V3501700
3310 (I,*) 303261 983O1710
3310 (1.0) U3.353 33S0 172D
3310 (1,0) TEL 33501710
3B1D (I,*) 12,311 3350170
SAD0 (I,*) nTO.3:10 IN501750

3310 (I,*) "I1T IBSO1760
3Iu3@'3f3.~(1.03300)) NSO 1770

CALL 63020@.0) 33501780
30.321(2) 3350 1710

1(21a.. UKSOliSI
VOl. VIL/RO VBSO 120
1(3) -VOI WHS01830
I($) aPSIT 3350 184o

T(6)u.. 10501A60
T (7) 3.0 VRS0 1470
TD001.0.0 33501880
?S(2).0O VHSO1890
CALL 6308(1(1)) WHS31900

ROD WRS0 1920
C 3HS01930
C -------- RSO 190
C I TRACK WHS301950
C ----------------- 4 3!S01963
c u3S01470

SUBROUTINE TRACK VHSDI983
C VHS01990
C READS SIULATID OR NZASUSED TRACK G3033?31 INPUTS FR0M CRS MRXS IISO2000
c WES02011

RUN 33 3502020
BID IRSD203i)

c 4------*3S020uD0

C I VortZy OM3S12060
C 4----------------4 VRS020'70
C 3IHS020l

SUBROUTIE YVE311(1.1,D1) WNS 02090
C ORS02100'
C 3038011133 CALLED 3T 00310 TO EALUATE P135? 9211ATIVZS Of Ati 33502110
C STATE VARIABLE$ AT EACH II STEP. UQUITIOWS AU! 11 THE P013: 93SD2120
C DT(I) a (Fl3(I) 472OL(I) # 73(l) # 1331(1)) / MA35(1) INS02130
C INEP! WNS021Ii0
C TIM a ulggL/3IrL INTERAI~ ON FORCES 33S0215D
c V3UL - 311,12 FORCES IBS02160
C VrSa 8351335103 FORCM 3USD2170
C F31? - RZ?3331i PONdIS VHS02190
C HASS w GENERALIZED 1331T1 F03 RICH ST1TE VA3RI3B.E 3WS0?193
C 311S02200
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REAL 14)IT.sRI~~s.U3.K.SO3S02210
NXIhDSION 10 0(7).D1 73 (2) &MIIS (2)*3A1Sf2) V IM(2) l2GL (2) IR3S02220
1 1(2) 0P2 (2) vClI (2) v.133(7) o 1391(7)0 FS5(7) , FBI? (7) v VES02230

*2 8L131A(2) q 20 (2).3vT(2 aAWN(2 # $to(2) NA SS 7) SI (2) 31S022460

CONNOR /930/ 925fU1IbI.3U.3PE..O3 .AN*TeCI 302250

cosmos /UPAIAX/ 33,I1.tFz.!11.In NISO 2260

COUUON /CI!DOL/ 31303. S!P*3. U.3s.11~ 31S02270

CONNOR /Vr33D/ V3L.Y03 VRS02261

CONNOR /LOAD9/ ?5*UZI.vT0,Ulo 31S02290

cosmos /103C35/ 11.1P2.7) 31502300

CONNOR /ACCBL/ 13bOT.PSDO 31S023i0

CONNOR /TRUCK/ 15.15??T SS02320

CALL GEON(11)-Tox) V1S02330

CALL 39311 (AAISS3AIIS) VOS02300

CALL C13316(T. AI!S. 3*115. 115 5363.1. 53) 331S02350

CALL IN!3AKS3U.3.AGUCISS)1S02360

CALL IR3BIL (792) Wus0237D

CALL PhULl! (1.110) WHS02380

CALL FSU51(1) INS02390

C 93S021600

IASS (1)ft.0 393024610

3ASS(2)-5V VHS024620

NASS (3)317! 31S024630

N3 5S(4) 1.O 315R024410

lASS (5)IZZ 311S021650

MASS(6)in1.0 3HS021660

MISS (7)u!? 31S024670

90 5 1=1.7 WHS021680

S 7l!T(!)u0.0 VSD24690

II?(7) 370 WwtS02500

ITIS) uNIZO NBS02510

D0 10 1-1,7 38502520
10 3H302533

DI ()wT(2) 31H502550

97 (4) =1 () IBS0256'0

VT (6) wY (7) 310257D

C VI502590

C I3DUCED.-0193 MOD!L 3HS02S907

C DT(3)u0.0 311S02601

C IDT (4)Mo.0 VPS02610

C Y 3(S)uso.0 38302623

NIURN 3HS02f30

ND 38502660

C V1S02650

C .--------------. 31102660

c S INPLZ I 3802670

C --------- S02E690

C 311S02693

503100T133 SAIPLi 311 02700

C 
38302110

C SANPLIS 1333 SIULIION AT UNI103K ?IN% 1823IYALS SIT 3T I3!? 311302720

C 33502731

UlY"ll 311S027460

3RD 33302750
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C WUS02760
C ------- *3S02770

C STR 3133RS502760
o C IIN------ 3S0 2790

C 33S02800
"'B1l031133M 31(Try) 33502610

C WUS02S20
C STORES SAUPLUD UIUULIIOV DATA IN CBS IUKS 103 FUTURE PROCESSING 33502930
C 93S02840

DUAL EU.! INS02650
DIENSION 1(71.13(2)eALPUA(2).L(2)eU30(2).IV(2).51l(2) ,313(2), ENS02AO~

I CDI (2) 1(2) #72 (2) *Q3 (2) W3S02870
COURN /31333/ WILYOR PE5O0260
CONNOR fUAIUDL/ NV,33 98S02890
C06601 /620/ 3.zDI1ID3.DU.APU.W3.Y TTCI 3S02900
CONION /VOBCIS/ 11,12,F3 33302910
WDISP-T(l)1) SOO. 98502920

01301.1 (3)/OU 92S02930
113.1 (9) * *00 INS02940
TIISPST (6)S1000. 33302950
DO 10 1=1#2 33502960
Cl-COS (ALPI(1)) 33302970
Sl=I1N(hLPZ(I)) WHS02980

10 WPIu(1*I(U1()C.I/E?()S-1 HS02990
C if (P3I) .Ll. 0.0) QP(I)wo.0 3V3S03000

WRITE (2,6) 1,WEDrSP,IDISPOIIOATAW.QP.P3 YPS03010
MORN1 NES0 3020

C WHS03041
C -------- VNS030SO
C I ERAIL WHS303060
C 6---------------4 WHS03073

C IRS03080
SUDDOUIE WDDA~i WHS03090

C READ STORED NERAILA DATA V~~l
C VIS 03120

DIINSION IZ(t613.11uZ(161).?DDZ(161).IPEI(161)IDPNZ(161). WHS03130
I VHPI11,APA112,L11.)13(6.)11112. 3S03141
2 1A1N(161,23.1D1U(161.2).?CUI(161,2) INS03150
CONION /1T63081 13.IDZ,1DDZ,1131,T3111,1DDPEX,YALPUATL,?DU0,n13, 31S03160

I 1&13.1T3.YcUI 33303170
CONNOR /CITIOL/ 3ANGZ.STRP,3.3.UPS,PX 33S0318D
NAMPLIST /huL/ 12.YDZ.IDDZ.1?I.1DUI.IDDPITALPUA.?L.1310.tNY. 3R503190

I 111D,TDTI,YCEI 33 S03200
3310 (3,133L) 36303210
20 10 .1-1,161 WNS0 3220
1133 (J) 0-131 (.1) 36S03230
1016! (j)w-!3P31 (.) 35S03240

10 13013! (J3.-IDDPUI (.) W33f3250
31033I 3330D3260
IND 33S03270

C WH303280
C "----- 6S03290
C I KiU3 ENS 03300
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C 3330 3310
C 35S0 3320

5333031133 311.13 98S03330

cosmos /311.3 VI.?! 9303350
C 31S03360
C INAD 311.3 TA3BL35 poo3 Cos PILSS (FILE n0s. 51 "B30gg1 71) RES03370
C 31S03380

300 10 1=1,21 13503390
333.5641 33S03400
READ (3320W(HSi 33 3113 511) 3034110

1 ((F1TEE?(FI.) val, 13) fil It13) IS32

200 IM UIV11111,13 (/.SI.13 (79.3))./////*13 V.51,1
3 (".3))) 5034130

DO 20 31*13 V35036140
30 20 9-1,13 ONS03415D
pr~~iuz13 (11.3nI FTIPM ) 335034160

20 F!Q.3.U)OFTtSP(3.3) 38S34170
10 CONYINUE 335031130

331333 335031190
31D 33503500

C 33S03510
c I------*NS03S20

C g 603 33503531
C 4--- ---------- - 31503562

C 3150 3550
SUBROUTINE 1303(1) 33503560

C WKS503570
C CONPUTUS CONTACT 6303313? P131331335 A5 FRICTION OF LATERAL W3S03580
C P0511O07 OF33II5!1. 31TA15I 510USD I3 TIULAI Poll, 3113 POSITIVE WHS03593
C D!5PLAC31331 DATA IT 133 10P OF 133 luBLI. 31503603
C 33503610

C T a IN31uSD? L1TflL POSITION 13S0 3620
C P3! - W9IZLSZ? DOLL ANGLE 33503630
C DPI! - b(13!) /T 3 33036417
C 3313! a 02(13!) 9 12 INS03650
C 2 a WURULSET C.U. VERTICA IS 1P1.1CBU33T VM1S0366D
C 11-0ZM /3 OT33N03670
C DDZ - 02(Z / 0! WHS036PO
C LWI - 303IZ3111. DISTANCE FUO1 C.B. 10 CONTACT POINTS 31503690
C 1AI I) a CONTACT ANGLE WHS03700
C RIMX a 301.1.13 RADIUS 33303710
C 230(l) a GEOIETSIC 3313 OF 33311 CONTACT ELLIPSE INS03720
C 513(I) a &(?NITA) 33503730

C S13(1) a 3(13311) 33S03740
C CNI (I) a 502BALIZID 111.533 SF13 P13133133 VHS03750
C Tel F03 3163? 91221, VRS03760

C1=2 FO3 LEFT 32L 33S03770

REAL L. 33S03790
SIBINSION IZ (161) .101(161) 1331 Z(161) .131(161) 13331 (1611. 33503800

I 13P3I161.IALUA(61.).1(1612).33O1612).1Y(11.2. 3303910

2 IAN112.33(6.)IN(612.L3()L()302 303820

3 IT1(2).113I(2).we"3(2).CI (2) All (100).YILPN1 (1611 i1P52(161), WBS013830
* ILI (161).TL2 (161).121011(1611 "BUT(161).IUYI(1 6 1), 1 7 2 ( 1 6 1 1e 135036604
5 11131 (161) .11132(161) .11(161) .1932(161).ICNII(161), VUS1038S3
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6 Icual(161) 9USO 3863
c so 1A!313Y3!U I3S0 3880

cosmos /630/ ONISU?133.13.1PU,.3.1AU3UCI 3S03090
CONDos /Cv1303/ BAN363.5B1,o.U.31S UNI31(3 303900
3QUIYAL32Ca (111*31(1MOT11.11 (1)), * Y1.u1(1623 318V2t), 03910

1 (1(11.11 1))I(!1.162.1121) )WRS03920
2 (1U()130().1U012.3021) 303930
3 (lIT (1)*T2YIYI (13). (1Y(21.Y3!2(13 333RE03940

* 
INS(?!111).(A312.1121) 303950

5 (1!()11tI).T!(6).3U().3S03960
6 (wax ().YCUII(1)), (ICI(162)ICEIZ2(1J) 32S03970

aC 3803980
C 572LIINIS ?31P0333D IT 3USIOUIU 6IYP 13S 01 8 Si-BITE INS03990
C 1.13311!. IUICI 1S 31533 03 111313'S lIhlITI URNUOD 33306000
C WUS040 10

1111L3.T 98SO4020
3.31303 33S0*0 30
SI--Slip IRS04040
IT (it .67. 31303l) !113i331362 33806050

* IF (T .1.!. -31163) 1113LRO-S1U63 WNs0.060
CALL.IT lip ~ PI..TDR..P.DIAI 3 31806070
CALL ZYP 9lS.DE.,!33U35DU.U.3)38S04060
CALL IP?(.IIDU..133E353?I1II1 31804090
CALL ZI (3.STTZ.3.TA3L3.3.3?PSS,AUI.13) 31806100
CALL ZI? (3os,S!,?Z.3.!113L3.U.IPS.PZ.131.133) 335o0a110
CALL ZIP WlS.DI..1333.1.D.U113 804120
CALL IP (3*STIALPE1.3.TTA3LN.E.PS,ILIADZ.I3U) IRS04130
CALL ZI (3.ST.11LP32.I,!!13L3.3.3?S.1L2.191.I33) 31S04W6
ALPRA (1) -LI#PU1 33804150
ALPNA (2) -AL2'PUI W1S041160
CALL IP (1.ST.!L ,tlA3LU.3.3P5.L(1) .131.12) 33S04170
CALL ZI (3.ST.TL2.3.?113L3.E.3P5.1(2).AU1.1211 333041R0
CALL ZIP (3S.3O.,lAL..P.U( .3,3)3S04190
CALL ZIl W3SH30.,133E3P.3().9.3)3S04200
CALL IV? US.313T1L.U353P)1111 33306213
CALL ZI (3.S!.?3V2,3.T!ADLU.3.DPS.3Y(2) .111.133) 33S04220
CALL. IV? R3SUAE..133331.! 1.9.1)3S04230
CALL 11? (US.13..IIUUUP.I().9.33804240
CALL ZI? (3.s1.13131.U.TAsLR.E.IPS'#3?(1) Av1xiDz) 33806257
CALL ZIP (U.S!.1&32.,,T1313.U.3?S, ITS(2) avz1.t3) 33S04260
CALL ZIP (3S.CWN.11L..P.U( 1113 IS04270
CALL ZI?(.Y1123TAL.U38CI3 A11 3HIS4280

C VVS04290
33T031 38304300
IND 3HS04313

C 38806320
C 4---- - - --- 3N04330
C 51INTZ VW3206340
C ----------- 31S04350
C 31S04360

553305!Ilh 33312(AAIIS.IAs)rs 3N504370
C 33506380
C CONUT!EUSO1S101 ? 3F31n? CONTACT 31.1.115 R3804390
C IRS04400
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3311. I.UU 3350010
DIVERSION V3(219.A1S(2).3*ZS 11(2J 2g).ayu(2).312).CXzl2). 955001.20

1 AhPNA(2) .1.(2) .311) ePl2) .72 £2) W304430
cosmos /630/ SeIDIPI3U,3U.LU9L3O3.II T.U 1SO4440
CONROY /3*7311./31 IES04I50
CONROY /17131D/ VmU,V03 3330.060
Cosmos /703CRS/ 7 335001.7
Do 10 131.2 33500080
17 WM(2 .1,11. 0.0) Go TO 10 3350690

733-(73() SlD ()/Il *5 1./3) 3S00500
11111 (I)M.173(1)O733 WISOOslo

* 3Ar13(2) .373(I) *PIE 31500520
10 CONTIU 33S00530

END 33504550
C INS 04560
C ------ 2S04&570
C I CI33?G WHS304580
c ------- * 804590

*C 33304600

C ONS04620
C COMUTE 9011-DIUENSIONAL C233P*G!S 15 POLA3 PORN 33501.630
C 33S04640

3REAL L*U5 33S00650
DZEESXON Yfl(2).13CL3(2).1*I(2),B*115(2),I (7),CI 2)o * BS0466)
I 31(2).AiPU*(2).L(2).330(2),ITI(2).3 U(2).SZGI(2) 33S00E.70

COROY /530/ 1.0g.DDZ.PEY.DPEI.007h1.*ALP3*.LPlO.11.*T.TI.CX NM5006R)
COBNOW fUA?33L/ 30.33 WRS04690
CONROY /11311/ 13L.Y03 33S04700
CONROY /ClT30L/ 313G!,STvUI,RSPl 99S04710

C V NS04720
C MEIE STATE VARZAULIS 33S04730
C V3S04740

110?-? (2) 33 S047%0
OUUGA-? (3) 33304760
PSIn.! (1) S104770
PSIDO!.! (5) THS00780

C 333S04793
C CONETI 1D11335101*OL CRRZPA92S UNS04AO
C 31504910

DO 10 Xu1.2 IISO 6920
61111u(V3L-COS(PSI)'0136o*O11(I).(-)SSISPSIDOTSL(I))/ZL WN304830
17 (1 l3Q. 1) 11&2 WHS04840
IF (I .2Q. 2) Il.1 3Isodi~0
12- (1.(1) .1(2) )*COS (ALPHA (II)) *DPUI*TDO/13135 R(At.PUA(1)) 33500860

1 5*1.731(2)) 33S04S73
6A3*2- (-$IV (PSI) 12/ti) /COS (ILPIA (1)) 33506883
3UOUCmUIO (I)/(35*5@3? (*1113(II 53*113(1))) 33500890
11-135 (6A121IOC) wNS 04900
3163(1)S1. 33500910
IF (01111.L?.@.) 3II(IM-1. 31S04920
IT1.0111209203C 33500930
ZIP (I.30.1) SlAs-STA INS0494D

C oWS04950
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C CONTENT TO POLAR POOR 312 VALKIR'S 3111311103S 31S014960
C 315014970

4 YUU(flm (ZI**2f311S62) SSS.5 WHS04980
IF (aII .20. S.) .-in. (311 .63. S.1) l36Ll(1js90. loSO4990

IF MtI .30. 0.) AND3. (3m .1.. 0.)) avaL()-90. 31505000
IF (12 soQ. 0.) g0 T0 200 31305010o

SU~i (I).811 (31/lI)5110/FlS350020
200 CONTINUE W1SOS030
10 CONTIUE 33505040

331033 lnsososo
330D 33505060

C 33505070
C 4--------------- UNSO 5090
C I 1IR3 1 33505090
C 4- - - * 330510
C 33505110

S03305113 XALlf WBSOSIX.U.163CU.,503 30120
C 33505130

fC SlLECTS 510330 EILEn TABPon 103 it &13 /a A3D SPI3 CE! waSo5160
C PZIPO3US 2-OINIISIONAL TABLE IN3IIOLATIOV 33305150
c BSS6

DiEZUSIOn VI(21,13,13h1!7(21,l3,
13 ).8 091 (211.10D2 (2 1 ). 33505160

1 CN11(211.C312(211.IAUIS(2)31ZIS12)VUOI2)ANGLE(2), 33505183
2 11(2),12(2),CUI(2).Y(13).1(7),5SUe(2).13(2) 33505190

CoINOIf /KILK/ P1.71 33S05200
COINON /FORES!/ 71,12,73 V350S213
LOGICAL Co3DI*COED2 33505220
DATA A031/O.O.1.02S,301.075,201.125,201.175,4.6,209.5.2*11.75, VW505230
1 3013.,~4013.2/, 33S05240
2 A052/1.02,1.07S,31.125,201.1752*S.6,9.5,2*11.75,2013., 33S05250
3 3013.94020./, 33S05260
14 CXI1/30.O.t925,.255.O..2375..O..23,2*.O..183.0..1385. .0, 33505270
5 .0S5,.@6,-Q,.075,.112S,.137S/. NBS05280
6 C112/2010..0025.255.10..237510..23010.10...t93,10., 33S05290
7 .1SIOOR.61..07,12.17.0/3SO5300
DATA V/.......3,...5OS.....S..02S30 505313

c I3S0S323
C FEIFOBI RAIE TABLE INTERPOLATION POD RACE CONTACT FOINT, 101.2 33S05330
C UNSOS340

DO 100 1=1,2 33505350
IT (73(l) *GT. 0.0) 60 T0 30 VRS05360
11 (1)0.0 33505370
P2 (1)u0.0 loS05la0
go T0 100 33 So0390

30 COUTIN02 33S55100

DO 10 a-1,21 31S051420
CObo1-(AO2 G6T. A031(J)) AND0. (103 L.3. A03213)) 33535630

IF (CONDS AND0. C0302) 60 10 20 31505653
10 COMMIO 335051460

60 T0 999 VR351
20 1711.3.3 33505490

C wlsossot'
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C SITUP INPUfTO~ INTSPOIA!XOM 301102. P IS FRACTIONAL lUCRINENT TOI NSOS5lO
C TYU TABLI. 11 1S TRE COOUDINAYD OF BASS Poll? FOR INTERPOLATION 305520
C 33505530

YowNXUIII (TED (1),3. 0) 31SSM
112 NUSOSSSO
Do 25 1101,12 18505560

25 IF ((To .63. V(11)) .AID. (To .1T!. 1(11.1))) 11-Il V1505570
3. (VU-V (11))/(T (II*t)-Y (11)) 93sOSIO

C 33505590
C CALL 2-DIISIOUAL INTERPOLATION R0UTINE 31S05600

5 C 33SO5610
CAL I3PD(ZJIZ IL I.??*V? 305620
CALL VB3P..I16L()...13NS05630

C 1150 5640
71 (1) -- Slam (I) VFI INSO56SO
P2(Z)--P?2 IRS05660
17 (1.30.1) M2IUs-72(I) 33S0S670

100 CONTIUE 98SOS680
C VBS05693
C 21D OP WALKER TAILD INTZIPOLATIOS LOOP IBS05700
C 33S05710

RETURN 39505720
C W3S05730
C ABORT BID - 30 KALRER PILE FOUND IRS0574*0
C 31S05753
999 DXS-1tOO9O.*() 31505760

lIXT! (2.1000) VlSI. 1WEP WHS05770
33!?! (6,1000) VlSPi. TBP VESOS780

1000 POINAT(' NO DATA PILE FOUND-PR053AN TRIIATED AT ',F7.2, 33505790
1' DISPLACIIT (08)0,/,T42,015 TER 1,13.'Ti TIEY STEP') 33505900

C RS058910

C 33505q20

C U 9 RSO%93

C 1H3503

C CALCULATES IOUUAL F03CI 73(l) AT SACS CONTACT POINT room INUS9%1
C TVO-DIUEUSIOIAL FORCE AND 303UN? DALANCR 03 IELSIT. INCtUDING VNS05920
C MNIC TERNS VRSOS930
C 33S0S94D0

DIAL L.lITU.ZU.TLHK.PIK.KS.I.ZO1105953
811231X1 IN2.()P()AA2.12,LN(2.1)31) 105960

1 330(2) ,AE (2),.32(2) .CSI(2) 31 (2) .C1(2) .11(2) PS (7) 98S05970
ConIoo /620/ 3,Z3Z11DPIDPIAPI,.I.YA?.T.3 305980
CONDON /SPAVAN/ 31E.23SES.PI.OEAKII31 105993
CoIDoN /UPARI/ 33NR,:.IlNT356000
CONOY /LOAD/ PZ.UII.P!0.UZZO WIS06010
common /?oca$/ P1.12.13 INS06D0
CONROY /NATE3L/ ou'iu 33S06030
CONNRN /ACCZL/ 2330?.PSDDOT VOS0600
CONNOR /T19CK/ P5.33!? VUS06053
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3000 I.M*7DDOT#DVZST (2) S*2 33506060
PlDDC1-DFUI$TDDOIDPUII(2) e2 WES06070

A~fl33S3002-3*ZDI-KSZ 3306080
0 ~UI-ZZ*1U3O1 (13-lU *I5) *2*1I-I!'T(3) I(S 3306090
1 -EPU10I*31PNIODII1 2) 23S06100
30 10 101,2 WH506110

St (I.5I1(11.11 (I) 3306120
to CI (IjmCOS(LPUA(Zjj 98506130I

I2wL(1) #. (2) 3330610

02.1.12' (C 2-U(2) )S (2)) 92S06160
to3l0. 50 * T 1) IT (2)) 33306170
P3 (t). (12) 09#634& (n (2) -33*7000?),) /DI 33306180
73 (2)m a L (1) $4-2-32110 (7S (2) -3301507) )/D2 33306190

C 13S06200
C CHECK FOR3 1112 ) 0. 13313313 3301111I 3 11) AID GIVES WANING 33S06210
C NOS06220

D0 25 11.*2 33306230
25 P3 (1) wlg &1 (F (1)I).0. 0) 3350620
c 33S062S0

RETURN 33S06260
SID N3506270

C WHS16280
C VB-- -S 306291
C I 1331. WU3S06 300
C ------- 33S06310
C 311306320

S03303!131 13331.(31' WHS06330
C WRS 0634.0

REAL L,10 3113063S0
D13135101 " (2) PVI (7) ,LPHA (2) ,L (2) 2T (2) 112) P2 (2) RHO0(2), NBS06360
1 113 (2),9Tx(2).CUI(2J 39306370
CORSON /010/ ,Z,DDZ.331.DP3Z.0DP31,ILPDA.L,15I31.ayu.313Cg NBS06380
CORSN /64722L/ 33.33 33S06393
COBBOW FORCES/ F1.12,3 3H306400
00 10 Jwt,? 335064.10

10 PU3(3)-0.D 33306420
DO 20 1.1,2 YRSOb430
fill(2;1 F9 (2)#P3 (1)* (50072 (1)*COS (ALPS& (1)) SIN!(ALPEA(I))) IRS0641
?131(3) 11 (3) -E001 (1) 013 (1) *IV1(1) 33306450

20 Flit (S) =FN (5) 4 (-1) "211P (1) 013 (1) OL(I) 33506460
31T33 INS06'.70
END INS06480

C 33306490
C 4---------- 30650D
C I 1331.33 I 33306510
C .-------------- #1306520
C WBS06530

3333031133 1331.33(1.1331 33306040
C 33306%50
c coIFvfEs roaCEs su531.123 133on 1 Is flis 3QUIIIOUS O1 NOTION 311S56560
C 13N0OLVI3G CROSS PRODUCTS Of 1691113 31301ACENITS AID VELOCIIS 33506570
C 33306s80

3311 L' !E1.Zrr.133.3I as.3t'g1,gFIzI.'K1S2 33306590
51315103 117).1P]1L(7) #L12) ,I1.PU1(2) 210 (2).V(2) A11 (2) 91 (2). ,33506603
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I Cox (2) NIS066 10
Cosmos /ago/ Z.D DS, 1PEI, SPuIX, P31.ILPSAAA 10 AT, ATB. IT1I C 335E06620
COMMON ISF1311/ 31.KT,UZ,E[Z,KPSr.3PSZ.3011G1,EPI. P11 33S06630
cosmos /311313/ *3.11!,ISS'!II.UY VRS06640

tCONOE /§Atn3L/ 11,3W 33306650
common IACCIL/ TD30T'PSDDO? ONS06660
VvDOTwDPEIST (2) DES06670
DO 10 awl1,? WHS06680

10 PBUL(j)m0O INS06690
ViOL (3) a T 10) *PNDO!.PUZPSDDO?) OIT!-! (S) SPEW?. (IRS-111) VBS06700
PIUL (5) m(S) *EPIIPDO?*SZ-I 110!(3) *PsDOT 33506710
1 VBS-l) PIPD?* 5 306720

RETURN 33506730
RID WES0674 0

c VBS06750
C-------------------- - 33S06760
c P5SFS PBS106770
c 4-------S 306780
C 33506790

SUBROUTINE 1555? IT) W1S06800
C N3506810
C COMPUTES VOICSS IZStITING 1103 DISPLAChUZUY OF PRI313! SUSPENSIONS INS06820
C BETWEEN 95UZLSIT AID DOGIR PEASE, INCLGDIIG LATERAL, VETICAL, NOLL, 33S06839
C AND ?AV STIVIRSS AID DAMPING, PLUS 3RAG 03 SNAKING FORCE 0N A111 WHS0684I0
c 31506850

REAL L,%1,KPUI.Z. ISPI 31506860
0192USIOI 1(7) ,?S(7) WW506870
COMMON /511113/ 11,XT,3Z,11,KPSI,DPSI,300119,KPI.313 33506880
COSMOS /TlUCK/ VS,PSIT ENS06893
VSO()W0.0 31506900

PS (3)--303E01*T (3) NBS0E923
?S (4)0.0 33506930
PS(S) -DPS!*1 (5) SIPSX* (P511-I (6)) S3S06910
rS (6)-0O 31506950
FS (7) wETs (1 (1) -I (6)) 4,110 (T1(2) -1 (7)) WHS06060
IETOIN WHS 06970
ZED I1506980

C 11506990
C WBSD---- 357003
C B LOCK D1T1 NB3S070 10
C -------- VES07020
C *1iS07030

BLOCK DATA IR50704a
C N3307050
C USED TO INITIALIhE FPIIIUETBS 13 BLOCK COMMON /CIT3OL/ NBS07060
C 33S07070

COIION /CITBOL/ I1303.ST3V,5.I.EPS.Pl 33507080
VIAL 313GE/60.643-O3/.3T3P/S.OS3-@6/,BPS,-CS.0/,11/3. 14159/ 38507090
INTEGRA 5/161/. 0/3/ WBS07100
ZED 3RS07t1O

C 33507120
C munmmu wafnu mimuaimwWrin name manWsRW an am ==now 13S071 30
C 31111CR 30U!zUss 3307163
C mum.uummu uiummu mumumnanunmuwamumm must 3350 7150

fJ
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C 31507160
C 4-------*3307170
C I 3?2 I3S07180
C 33S07190
C 33S07200
c sERYicz 305,133 to 3331033 i30-viU3ISiosuA 13!3310LI1!I 9307210
C 33507220

SN33U053 I3Y?23(1.IIIUL3.1LInS,ALD3) 33307230
V11335109 V(2l.13.13),3031(1S) .3032(15).IUR(30) 33307240
DATA 115/-I.Off-021 3072S0
DO 10 101,13 NRS07260
3031 (Iti)mV(jeII.I) NBS07270

10 908(.3n(3 U1.)3307230
3031i (13.my (jell 62) (1) 00IFLIG 33507290
3012 91) VP M (2101) ;2) 002P~hLA5 33307300

3032 I=(1 3 ( 1.) ,12)S(-13**ILAG 33507320
CALL IV -S.1. 33.lhUSI33SfD&IIU 307330
CALL XV -0..5..02 5I3L..?S3.3.13 307340
VALUIw0.0-P)@VA P*13 33307350
arERan 33507360
RID 98S07370



APPENDIX E
PATENT DISCLOSURE STATEMENT

In accordance with the patents rights course of the terms and

conditions of this contract, and after comprehensive review of the

work performed, it was found that no new patentable items were

produced under this contract. However, significant innovations and

advancements to the field of research on derailment safety were achieved.

The following hardware and software items were developed as a

result of the sponsorship of research under Contract DOT-TSC-1603:

1) Scale model wheelset experimental apparatus for use

in studies of derailment processes.

2) Computer programs for analysis of measured wheel/

rail forces for comparison with proposed derailment

criteria.

3) Measurement and data reduction methods for on-line

diagnostics of impending derailment conditions.

4) Computer Programs for simulation of quasisteady and

dynamic wheelclimb derailment processes.I

The above items are potentially useful to both model scale and full

scale experiments and analysis of rail vehicle derailment safety.
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